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Abstract 
Snow cover in the Western Canadian Arctic is a significant input to the 
hydrological mass balance, it produces shelter and habitat for animals and humans, and 
supports interactions with vegetation and climate. The Arctic-tundra snow cover is greatly 
impacted by wind erosion, redistribution and deposition of snow during high wind events 
over the winter months. As a result, the end of winter snow cover is characterised by 
significant small-scale (on the order of a few meters) spatial variations in snow cover 
depth, density, and thus snow water equivalent (SWE), and runoff. Future climate related 
changes to snow cover depth and density will have significant consequences to the 
hydrology, ecology and climatology of the Arctic. This thesis reviews a multi-year record 
of snow studies in Siksik Creek, a sub-catchment of Trail Valley Creek (TVC) located in 
the western Canadian Arctic. TVC is located in the taiga-tundra transition zone, 
dominated by tundra, but with shrub and forest patches. Wind speed, snow depth, 
temperature and snowfall were measured over the full annual cycle, while end of winter 
snow accumulation was measured through ground based snow surveys and aerial imagery 
from an unmanned aerial system (UAS). The snow cover of TVC is highly influenced by 
its vegetation, topography and climate. Therefore, as the climate and vegetation continues 
to change in the coming decades, it is expected that there will be great changes in snow 
cover and, consequently, impacts on water resources, animal habitats and vegetation. The 
results from this thesis will provide information on improved methods to measure the 
snow environment, and the data sets needed to test snow models required for 
understanding future changes in snow.  
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Chapter 1: Introduction 
1.1 Research Background 
 Over the past few decades, Arctic amplification has resulted in warming across the 
entire Arctic at a rate almost twice as fast as the global average (Screen and Simmonds, 
2010), causing changes to all aspects of the cryosphere, including sea, lake and river ice, 
snow cover and permafrost (Graversen et al., 2008). Such rapid changes are also 
occurring across Canada’s three northern territories (Yukon, Northwest Territories, and 
Nunavut), with strong increases in temperature (Stewart et al., 1998; Déry, 2001; Woo et 
al., 2008; DeBeer et al., 2016), significant, but spatially variable, increases and decreases 
in precipitation, decreasing floating ice, and melting permafrost. All Arctic ecosystems 
are of course dependent on the cryosphere, and many of the inhabitants of the Canadian 
Arctic also rely on the cryosphere for hunting and fishing, recreation, employment and 
traditional ways of life (Vaux et al., 2013). It is well known that these changes to the 
Arctic climate and cryosphere will continue for centuries or even millennia (Williams et 
al., 2007; Collins et al., 2013), but the details of the past and future changes to the 
cryosphere at the local scale of importance to the northern residents is poorly known.  
Snow is a fundamental component of the Arctic and sub-Arctic cryosphere 
(Derksen et al., 2009), with significant implications to, and interactions between, 
vegetation, permafrost, hydrology, ecology and society (Quinton and Marsh, 1998; 
Pomeroy et al., 1999; Ménard et al., 2014b), as well as feedbacks to the regional and 
global climate system. The primary snow properties of interest to hydrologists, ecologists, 
climatologists and remote sensors are snow depth, density, and snow water equivalent 
(SWE), and the spatial distribution of these across the Arctic landscape. Unfortunately, 
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due to the small number of weather stations across the Arctic as compared to more 
temperate regions and difficulties in measuring snowfall and sampling the Arctic snow 
cover, our knowledge of past changes in snowfall and snow cover is very limited 
(Fleming et al., 2000). Airborne and satellite remote sensing, as well as modelling studies, 
have reduced some of this uncertainty at regional to pan-Arctic scales and have clearly 
demonstrated considerable decreases in snow cover duration (Brown et al., 2010; Derksen 
and Brown, 2012; Liston et al., 2002). However, to the author’s knowledge, there are few 
studies of multi-decadal changes in the Arctic snow environment at the local scale, that 
include changes in snowfall and spatially distributed snow depth, density and SWE, and 
no such studies in the Canadian Arctic. More detailed description of advances and 
limitations in observations and modelling of the Arctic snow cover follow.  
A significant deficiency in our understanding of Arctic snow cover is due to the 
large errors in measuring snowfall in the high wind speed environment of the Arctic. For 
example, there are over 50 different types of precipitation gauges in use around the world 
(Sevruk and Klemm, 1989), each with its own systematic error of precipitation 
measurement (Goodison et al., 1998). In attempts to better understand this issue, the 
World Meteorological Organization (WMO) has produced multiple intercomparison 
reports on solid precipitation measurements, comparing various precipitation gauges and 
wind shields to obtain catch ratios dependent on wind and/or temperature for each gauge 
(Goodison et al., 1998; Sevruk et al., 2009). Goodison et al. (1998) provided details on 
these, and more recently, there has been multiple solid precipitation correction studies on 
weighing precipitation gauges at automated sites (Smith, 2007; Rasmussen et al., 2012; 
Pan et al., 2016). A key result from these studies is what WMO considers the DFIR 
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(double fenced intercomparison reference) gauge to be the reference standard, while all 
others suffer from undercatch during high winds and there is still no new technology that 
solves this issue.  
The impact of blowing snow is of special importance in the Arctic where tundra 
dominates (Pomeroy et al., 1997; Déry and Yau, 2002), with blowing snow entraining 
large amounts of snow into the lower atmosphere during periods of high wind. Across the 
Arctic, the number and magnitude of high winds, and therefore blowing snow events, 
varies greatly from year to year, with some years with frequent and extreme wind storms, 
and other years with only a few such events. The three key effects of blowing snow are to 
redistribute snow across the landscape, to greatly increase the rates of sublimation over 
the winter and to create wind slab and depth hoar layers within the snowpack. 
Sublimation can be sufficiently large, significantly reducing the average watershed SWE 
(Li and Pomeroy, 1997; Liston et al., 2016; Nolan et al., 2015). Pomeroy and Male (1992) 
and Pomeroy and Essery (1999) were among the first to measure sublimation using eddy 
covariance methods over short periods of time during blowing snow events, and clearly 
showed that sublimation during blowing snow can be extremely large. However, technical 
limitations have limited the ability to run eddy covariance over entire winter periods in 
the Arctic as needed to determine total winter sublimation. Instead, some investigators 
(Benson, 1982; Liston and Sturm 1998; Pomeroy and Essery, 1999; Liston and Sturm, 
2004) have estimated total winter snow sublimation from blowing snow models to 
suggest that sublimation can remove 15-50% of total precipitation. As a result, blowing 
snow across open tundra areas with extensively flat terrain, will typically have an average 
SWE that is considerably less than winter precipitation.  
4 
 
The second implication of extensive blowing snow in the Arctic, is that the spatial 
variability in SWE is extremely large over very small horizontal scales. Snow depth 
variability varies from snow bedforms (Filhol and Sturm, 2015) which are typically from 
a few centimeters to a few meters across, with a coefficient of variation varying from 0.16 
to 0.34 (Pomeroy et al., 1998; Pohl and Marsh, 2006), to terrain controlled snow drifts 
that form on lee slopes, in stream channels and along lake edges. Drifts on slopes are 
controlled by slope aspect, angle, and extent, while those along stream channels and lake 
edges are controlled by the channel width and slope angle for example. In hilly tundra 
terrain, the hilltops may have snow only a few centimeters in depth, while lee slopes may 
accumulate snow many meters in depth – these areas of deeper than average snow are 
typically called snow drifts. Liston et al. (1995) and Sturm et al. (2001b) documented the 
size and location of major slope controlled drifts up to 6 m in depth in Arctic Alaska and 
showed that they typically occur in the same locations from year to year. With drifts 
coming in all shapes and sizes, Rees et al. (2014) related snow properties to the drift 
properties. They analyzed the slope and aspect of the drift and related that to observed 
snow depths, densities and SWE. Their results confirmed that slopes have a great effect 
on SWE and snow depths, with steeper slopes capturing approximately 3 to 4 times 
greater snow depth and SWE than flat land. Woo and Sauriol (1980) described drifts in 
stream channels up to 6 m in depth. Aspect plays a role in the year to year variation of 
snow depths and SWE on terrain controlled drifts, depending on the varying dominant 
winter wind direction. Although such snow drifts have been described extensively in the 
literature, surprisingly they are poorly defined quantitatively. For example, consider a 
profile of snow accumulation along a transect that crosses a hilltop, a steep lee slope, and 
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a flat area at the base of the slope. Typically, the snow depth will be low across the 
hilltop, will gradually increase in depth as you progress down the hill, reaching a 
maximum at some point, and then decreasing in depth across the flat area at the base of 
the slope. How deep does the snow need to be on the slope to be classified as a drift? 
Which area of the slope would be classified as a drift? How would you map snow drifts 
across a watershed? Does the drift area evolve over the winter or should it be mapped as 
an area of some basic properties such as slope angle? Few studies have specifically 
addressed these definitions, and as a result, comparing information on snow drifts from 
various sources is difficult. This uncertainty also challenges estimating basin SWE from 
landscape based snow surveys as it is extremely difficult to properly define drift areas and 
to properly sample the very large number of drifts across the landscape. 
In addition to terrain controlled drifts, drifts also form in patches of tall vegetation 
(shrub and tree) (Pohl and Marsh, 2006; Rees et al., 2014). Drifts that form in shrub 
patches on flat terrain, are dependent primarily on patch size and extent, as well as stem 
diameter, shrub height and the elastic modulus of the stem (Ménard et al., 2014a) which 
controls shrub bending (Marsh et al., 2010) and possible burial by the snowpack. In this 
case, saltation and sublimation are able to resume, limiting the further growth of the 
snowpack in shrub patches (Ménard et al., 2014a). Ménard et al. (2014a) hypothesized 
that bending of the shrubs occurs at near 0°C when snowfall is wet so that it can attach 
itself to the branches and weigh them down. They also suggested that bending is possible 
in isolated shrub patches during high wind events. Variations in shrub bending by shrub 
species, size or age are not well known (Ménard et al., 2014a). Drifts located in tree 
patches on flat terrain are impacted in similar ways as to those in shrub patches, but they 
6 
 
are not susceptible to bending and burial as are some shrubs. Snow up to 2 m in thickness 
has been reported in shrub patches that are not bent by the snow, but the maximum snow 
depth in patches and the controlling factors have not been described in the literature. For 
regions with large numbers of shrub patches, large drifts form on a small area of the 
windward edge of the patch, but there are of course interactions between slope, stream, 
lake and vegetation patch drifts. For example, in the low Arctic, slope drifts are often 
underlain by large patches of shrubs and trees, enhancing drift formation. In contrast, 
shrub patches that occur up-wind of slopes may limit the availability of snow for 
redistribution, thus limiting slope drift formation. Such interactions between shrub/tree 
patches and terrain controlled drifts have not been well studied, but are required to 
understand the impact of future changes in climate on snow cover. 
Terrain and vegetation drifts with deep snow depths, and high snow density, 
typically hold a very high percentage of total watershed SWE. For example, Pomeroy et 
al. (1997) estimated that for a tundra watershed in the western Canadian Arctic, 27% of 
the total basin SWE was contained in drifts (defined as slopes greater than or equal to 9º) 
covering only 8% of the watershed, while only 43% of the total snow was contained on 
the windswept tundra areas that covered 70% of the basin area. Sturm et al. (2001b) 
suggested similar amounts of total watershed snow in drifts for Toolik River and Meade 
River sites in Alaska. This large volume of snow in drifts has a significant impact on 
snowmelt runoff, as the shallow snow covering a large percentage of the basin melts over 
the first few days of thaw and often will not contribute to runoff as the meltwater 
infiltrates and freezes within the frozen active layer. While large drifts, covering only a 
small portion of the watershed, will have a delayed contribution to runoff, but will 
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contribute to runoff for weeks or even months (Marsh and Woo, 1981) resulting in a 
streamflow regime that is similar to a glacierized watershed. Although described in the 
literature, few if any models have been shown to simulate these effects. 
Snow drifts have important ecological effects by providing important protective 
habitat during the long cold winters for many plants and animals. This includes 400 
species of vascular plants and lichens and mosses (Wohl, 2015), polar bears (Liston et al., 
2016), lemmings and siksiks (Winner, 2003; Wohl, 2015), and impact foraging for all 
other Arctic animals, including caribou and muskox for example (Larter and Nagy, 2001). 
Drifts that are sufficiently deep to exist into the summer, provide habitat for animals such 
as caribou during the summer as the coolness limits insect harassment (Downes et al., 
1986; Anderson and Nilssen, 1998; Hagemoen and Reimers, 2002).  
Sampling this highly variable Arctic snow cover is extremely challenging. To 
date, most studies rely on extensive sampling using simple depth probes and snow cores, 
with sampling in one of two ways. First, snow probing is carried out along short transects 
within typical landcover types including windblown tundra, slope drifts (often defined by 
a slope angle of greater than or equal to 9º (Tabler, 1975; Woo et al., 1983; Pomeroy et 
al., 1997)), shrub patches, and channel and lake edges. The average SWE within each 
landcover type is then weighted by the area of each landcover type (Rees et al., 2014) to 
determine the average watershed SWE. Although studies have suggested that this method 
provides reasonable estimates of basin average SWE (Pomeroy et al., 1998; Bowling et 
al., 2003; Pohl and Marsh, 2006; Marsh et al., 2008), it is in fact very difficult to 
determine the accuracy of this method due, primarily, to the difficulty in sampling snow 
located in drifts across a watershed. Sampling extensive uplands with relatively uniform 
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snow cover likely has very low errors, while estimating the snow contained in numerous, 
but small in area, drifts is extremely challenging, and likely prone to very large, but 
poorly known, errors. This method doesn’t consider edge effect, that is the effect that 
discontinuities around the borders of landcover types have on snow distribution (i.e. 
edges of shrub or tree patches). Therefore, this method only provides average snow data 
for each terrain type, not fully spatially variable data at sufficiently high resolution 
required to: i) falsify spatially distributed hydrological models (including blowing snow 
and melt components), ii) provide distributed SWE as input to fully distributed 
hydrological models, or iii) provide data required to better understand the links between 
snow drifts, vegetation, and permafrost, and iv) between snow and animals.  
A second sampling approach is to measure depth and density along long transects 
(Derksen et al., 2009; Derksen et al., 2014), and assume that these transects cover the full 
range of snow depths and are representative of the terrain. There are advantages of this 
approach for remote sensing applications (Derksen et al., 2014; Leinss et al., 2014), but 
for hydrological needs, it is unlikely that this approach quantifies average watershed SWE 
with the needed accuracy and does not provide appropriate maps of SWE required for 
model validation or testing. Although both methods likely do a reasonable job of 
sampling SWE within terrain types where the SWE does not vary greatly over small 
distances (for example extensive upland tundra), it seems very likely that they do a very 
poor job of sampling areas where the SWE is both very high, and varies greatly over 
small areas (i.e. drifts).  
The deficiencies in snow survey methods noted above, have encouraged the 
development of numerous remote sensing techniques to better map snow cover depth and 
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SWE at local to regional scales. These include the following. Airborne and satellite based 
Synthetic Aperture Radar (SAR) (Leinss et al., 2014) has been applied to measure SWE 
at a resolution of 91 by 91 m. This method has significant promise, but is currently 
limited by the influence of snow structure on the signal. Satellite based microwave 
sensors (Dietz et al., 2012) have been used for many years to provide maps of SWE over 
grids of approximately 25 km. However, this method is limited by the insensitivity to 
deep snow in drifts that cover small areas. Recently, terrestrial and airborne LiDAR 
(Light detecting and ranging, Hopkinson et al., 2004; Deems et al., 2006; Grünewald et 
al., 2010; Hopkinson et al., 2012) has been applied to map snow depth across local to 
regional areas. Another recent advance is to combine aerial photogrammetry from both 
manned aircraft (Nolan et al., 2015; Bühler et al., 2015) and Unmanned Aerial Systems 
(UAS) (Vander Jagt et al., 2015; De Michele et al., 2016; Harder et al., 2016) with 
Structure-from-Motion (SfM; Westoby et al., 2012). This method has shown significant 
promise. Although the use of manned aircraft currently has advantages, the use of multi-
rotor and fixed-wing UASs is increasing due to their semi-automation, repeatability, cost 
and improving accuracy (Colomina and Molina, 2014; De Michele et al., 2016). Both 
have their advantages and disadvantages, multi-rotor UASs possess greater stability in 
higher winds, however lack battery duration which minimizes aerial extent, whereas 
fixed-wing UASs are less stable in higher winds but can cover larger areas, and therefore 
are very useful on the spatial and temporal variability aspect. Currently all types of UAS 
available to researchers have a short range and typically can only cover up to a few km2 
within a few hours of flying, due to lack of battery power. It is expected that this range 
will increase dramatically in the coming years. 
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In addition to field observations and remote sensing, snow modelling has provided 
important insight into Arctic snow accumulation. Liston et al. (1993; 1995; 1998; 2002; 
2006; 2016) have carried out various modelling studies using the SnowModel. These 
studies have generally focused on modelling drifts (Liston et al., 2016) and accumulation 
on landscapes with numerous shrub patches (Liston et al., 2002). In contrast, Pomeroy et 
al. (1988; 1993; 1995; 1997; 2002; 2006; 2008) have focused on the hydrological 
implications of blowing snow events. Primarily modelling snow erosion and 
accumulation in Hydrological Response Units (HRUs) needed for larger scale 
hydrological modelling using such models as the Prairie Blowing Snow Model (PBSM; 
Pomeroy, 1988; Pomeroy et al., 1993) and the Distributed Blowing Snow Model (DBSM; 
Pomeroy et al., 1997; Essery et al., 1999; Essery and Pomeroy, 2004). In general, these 
studies have shown considerable success in estimating snow cover in HRUs and in slope 
drifts, but little ability to simulate snow cover at high resolution across the Arctic 
landscape. Liston et al. (2016) has demonstrated the ability to predict the size of snow 
drifts of known location using a fine horizontal resolution of 2.5 m by 2.5 m, however 
have not demonstrated this ability at a watershed scale.  
As suggested above, there remain many gaps in our understanding of the Arctic 
snow cover. Measuring key aspects of the snow environment (snowfall, snow on the 
ground, sublimation, and distribution of snow in drifts) using ground observations or 
remote sensing is very limited. In addition, there are significant uncertainties in the ability 
of snow models, including limitations in modelling wind flow around slopes and 
vegetation patches, and properties of the snow surface which effect the entrainment of 
snow into the atmosphere when wind speeds increase. As a result of these significant 
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uncertainties, to the author’s knowledge no studies have yet been able to complete a 
rigorous snow mass balance for an Arctic watershed. The following chapter outlines some 
of the challenges in improving our understanding of Arctic snow, and the research that 
will be carried out in this study to improve our understanding of some aspects of the 
Arctic snow environment.  
 
1.2 Research Objectives 
This research will focus on improving two key aspects of our understanding of the 
Arctic snow environment. First how has snowfall and snow on the ground changed over 
the last 60 years, and second have the snow survey approaches used over this period of 
record provided accurate estimates of snow accumulation across a tundra watershed 
(located 50 km north of the Inuvik weather station) where large numbers of deep snow 
drifts occur. Such an analysis is only possible due to a unique snow data set that includes 
60 years of snowfall from the Inuvik Airport weather station (Inuvik-A), 26 years of 
spatially distributed snow surveys, and recently studies considering new observation 
methods, including UAS for mapping snow depth.  
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Chapter 2: Snow Environment of the Western Canadian Arctic 
Abstract 
This paper considers changes in snowfall and snow on the ground over a period of 
60 years and uses recent advances in snow accumulation observations to better 
characterize the variability of end-of-winter snow depth, density and snow water 
equivalent (SWE) in the western Canadian Arctic. A combination of traditional snow 
surveys and novel photogrammetric techniques with an unmanned aerial system (UAS) 
were conducted to compare high resolution data sets for peak snow accumulation over 
complex shrub tundra landscapes. These data sets were applied to quantify the spatial 
distribution of SWE at high resolution across the study basin with the help of three spatial 
snow densification methods. Results show a decreasing trend in snowfall and maximum 
snow depth over the 60-year period as well as a decreasing trend in SWE collected from 
snow surveys for 1991-2017. End of winter snow depth root mean square errors (RMSE) 
of 49.0 and 27.6 cm were obtained between the manual and UAS snow depths for the two 
study years of a 1 km2 watershed. Spatial variability in snow depth, density and SWE 
were then analyzed at a fine spatial scale (1 m x 1 m) in order to quantify the percentage 
of SWE captured in drift formations. This information is required for both improved 
runoff modelling, and to consider past and future changes to tundra landscapes. 
 
Keywords: snow, SWE, drift, UAS, spatial variability 
 
  
13 
 
2.1    Introduction 
Snow cover is a keystone component of the Arctic environment, with significant 
implications to, and interactions between vegetation, permafrost, hydrology and ecology 
(Quinton and Marsh, 1998; Pomeroy et al., 1999; McFadden et al., 2001; Essery and 
Pomeroy, 2004; Woo and Marsh, 2005; Ménard et al., 2014b), as well as feedbacks to the 
climate (Sturm et al., 2001a). Recent studies have suggested significant changes in the 
snow environment across the Arctic with increasing/decreasing snowfall and decreases in 
the spring snow cover area (Foster et al., 2008; Brown et al., 2010) and snow water 
equivalent (SWE) (Liston and Hiemstra, 2011) over the last few decades. Such changes 
have also been observed in the western Canadian Arctic (Marsh et al., 2002; Lantz and 
Kokelj, 2008; Marsh et al., 2010), along with later onset of fall snowfall and earlier onset 
of snowmelt. These changes in snow cover are of course primarily due to the combined 
effects of changes in air temperature and in precipitation. However, changes in snow 
cover are also impacted by changes in wind and blowing snow, as well as the effect of 
increasing shrubs across the tundra landscape (Sturm et al., 2001a; Lantz et al., 2010; 
Loranty and Goetz, 2012). Shrub patches can trap blowing snow, and as a result store a 
greater quantity of SWE compared to nearby open tundra. Trapping of snow in shrub 
patches reduces the fetch available for blowing snow, therefore reducing both sublimation 
during blowing snow (Pomeroy and Gray, 1995; Liston et al., 2002; Marsh et al., 2010), 
and the size of drifts formed on slopes for example. 
Our understanding of changes in Arctic snow is limited by two significant issues. 
First, unlike other climatic variables such as temperature with over a hundred years of 
record and measurements from many locations, observations of changes in snow cover 
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have only been monitored relatively recently in the Arctic (Woo and Marsh, 1978), and as 
a result, the length of record is very limited in most locations and only in very few 
locations have measurements been consistent over a few decades. Second, there are 
significant errors in our ability to measure all major components of the Arctic snow 
environment, including: snowfall (Woo et al.,1983; Goodison et al., 1998; Smith, 2007; 
Pan et al., 2016), sublimation during blowing snow events (Déry et al., 1998; Xiao et al., 
2000; Liston et al., 2002; Déry and Yau, 2002; Yang et al., 2010), and water vapour flux 
from frozen soil to snowpack (Santeford, 1978; Woo, 1982). In addition, there are large 
errors in our ability to accurately map SWE at the watershed scale (Woo and Marsh, 
1978; Goodison and Walker, 1993; Koenig and Forster, 2004; Pulliainen, 2006; Takala et 
al., 2011). This limitation is due to the combination of a highly spatially heterogeneous 
snow cover and using simple approaches to measuring snow on the ground and its 
distribution across the landscape. For example, typical methods for measuring snow on 
the ground still follow the basic procedures of Church (1933) who pioneered the use of 
snow surveys using a simple rod to measure snow depth and a core tube to estimate snow 
density. These depth and density observations were, and still are, carried out along snow 
courses selected to represent average snow conditions. The well known limitations to this 
approach, suggest that there are large errors in past records of the snow environment 
across the Arctic, and that this limits our ability to develop and test appropriate models of 
snow cover at the scales needed to better understand many aspects of snow cover and to 
model snowmelt runoff for example. The result is that the typically short periods of 
record, and the larger errors in measuring all aspects of Arctic snow, combine to make it 
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likely that we have insufficient knowledge of the Arctic snow cover as needed to meet 
societal needs. This thesis will address aspects of this deficiency. 
 However, significant advances have been made in recent years to improve the 
measurement of one of the deficiencies noted above – namely the measurement of snow 
depth across watersheds in order to better quantify the spatial variability in snow depth. 
These advances have focussed on mapping of the snow surface elevation using a number 
of ground based and airborne methods. These advances include: using airborne Light 
detection and ranging (LiDAR) (Kirchner et al., 2014), ground-based LiDAR (Filhol and 
Sturm, 2015) and photogrammetry using manned aircraft and Structure-from-Motion 
(SfM; Westoby et al., 2012) imaging analysis techniques (Nolan et al., 2015). Recently, 
Unmanned Aerial Systems (UAS) have been tested as a new source of imagery for using 
SfM to map snow depth at high resolution and frequent intervals, and at a relatively low 
cost (Vander Jagt et al., 2015; Bühler et al., 2015; Nolan et al., 2015; Harder et al., 2016). 
However, few if any studies have tested and used these methods in the unique 
environment of the Arctic, or have used them to consider errors in the past records of 
snow on the ground. 
Given these significant deficiencies, the overall objectives of this chapter is first to 
document changes in snow cover at a tundra site in the Canadian Arctic and second to 
build on recent advances in mapping snow depth to demonstrate a method to improve our 
ability to map snow cover, to consider errors in the past record of snow on the ground, 
and to make recommendations for future snow observations. Specifically, we will: 
Objective 1: Characterize changes in snowfall and snow on the ground over the 60-year 
period of record at Inuvik Airport (Inuvik-A). 
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Objective 2: Combine traditional snow surveys, UAS derived maps of snow depth, and 
various methods to map snow density, in order to better understand the 
magnitude of snow drifts and to document errors in quantifying end of winter 
SWE at the Trail Valley Creek research watershed located 50 km north of 
Inuvik-A 
Objective 3: Make recommendations concerning future snow survey methods for use in 
the Arctic. 
 
2.2    Study Sites 
 Field observations were carried out in the Trail Valley Creek (TVC) watershed at 
68.75ºN, 133.50ºW located approximately 50 km north of Inuvik (Mike Zubko) Airport 
in the Northwest Territories (NT). TVC has been the focus of continuous streamflow 
observations by the Water Survey of Canada (WSC) since 1977 and snow hydrology 
research since 1991 (Marsh et al., 2008). The gauged portion of the watershed is 
approximately 57 km2 in area (Marsh et al., 2008), and is characterized by rolling hills 
with some deeply carved river valleys. Elevations range from approximately 45 to 190 
meters above sea level (Marsh et al., 2010). TVC is at the northern edge of the tundra-
taiga interface (Callaghan et al., 2002; Bliss and Matveyeva, 1992) and is underlain by 
continuous permafrost between 150 and 350 meters thick (Heginbottom and Radburn, 
1992), with an active layer ranging from 0.3 to 1.0 m (Marsh et al., 1995; Endrizzi et al., 
2011).  
 Snow cover depth, density, and SWE at TVC, as across most of the Arctic, varies 
greatly over small spatial scales due to extensive blowing snow, transporting snow from 
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source areas (hilltops and lakes) to drift areas (lee slopes, shrub patches, leading edges of 
forest patches, stream channels and lake edges). Following Tabler (1975), Marsh and 
Pomeroy (1996) mapped slope drifts as those that form on slopes greater than 9 degrees, 
as well as those on lake edges and stream valleys. For TVC, these slope drifts were 
estimated to cover 8% of the watershed, similar to many other lowland, Arctic watersheds 
(Winstral and Marks, 2014; Rees et al., 2014). Marsh and Pomeroy (1996) classified the 
remainder of TVC by vegetation cover with tundra (69.8%), shrubs (21.5%), and forest 
patches (0.5%). The tundra is comprised of grasses, lichens (Lecidea) and mosses 
(Sphagmum). While shrub patches consist of 0.5 to 3 m high alder (Alnus viridis), willow 
(Salix glauca) and birch (Betula glandulosa). These shrub patches primarily occupy 
stream edges, lake edges, hill slopes and some upland area. Forest is comprised of white 
spruce (Picea glauca) up to 10 m in height, and occur in a range of environments from 
valley bottoms to upland plateaus in the lower reaches of TVC.  
 The climate of the region is marked by short summers and long cold winters, with 
about 8 to 9 months (September/October to May/June) of snow on the ground. The mean 
annual air temperature, rainfall and snowfall for Inuvik are -8.2ºC, 114 mm and 159 cm 
(snowfall is uncorrected for wind undercatch) respectively, for a total of 241 mm of 
precipitation (Canadian Climate Normals 1981-2010, 2016). End of winter spatial 
variability in snow depth, density and SWE at TVC is very high, with typical upland 
snow cover averaging 40 cm in depth, while drifts are often up to 300 cm in depth (Marsh 
and Pomeroy, 1996), and in extreme cases up to 600 cm.  
 Field work for this study occurred during April and May of 2015 and 2016, and 
focused on Siksik Creek (Figure 1), a representative sub-basin of TVC that is 
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approximately 1 km2 and located in the lower section of TVC. Although, this sub-
catchment has lower relief than TVC, with elevations ranging from approximately 45 to 
100 m above sea level, the general characteristics of Siksik are similar to TVC with 
rolling hills, short, steep slopes and shrub patches (but no forest patches) that are prone to 
the development of snow drifts. The large number of end of winter snow drifts that are 
typical of this region are illustrated by aerial photos (Figure 2) taken after the start of melt 
when only drifts remain. Terrain dominated drifts in Siksik Creek were classified using 
the same methods as for TVC (Marsh and Pomeroy, 1996) and only cover 5% of the 
catchment. Following Marsh and Pomeroy (1996), the remainder of Siksik Creek was 
classified by vegetation cover with tundra (79%), shrubs (vegetation dominated drifts; 
16%), and forest patches (0%), similar to that of TVC. Snow measurements carried out in 
Siksik will be complemented by snow depth and density data from key sites across TVC. 
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Figure 1. Land classification of Siksik Creek watershed, showing slopes with angles > 9º 
(black polygons), where terrain dominated drifts typically form, and shrub patches (green) 
defined as areas with vegetation heights > 0.5 m, and tundra (white) with vegetation 
heights ≤ 0.5 m. Slope and vegetation heights were derived from airborne Lidar data 
collected August 2008 (Hopkinson et al., 2009). Trail Valley and Siksik Creek (blue lines) 
flow to the east and southeast respectively. Inset map shows TVC located to the east of the 
Mackenzie Delta, south of the Beaufort Sea and north of Inuvik. 
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Figure 2. Aerial image of Siksik Creek, May 13th 2016, 18 days after the start of snowmelt. 
Remaining late lying snow patches (shown in white) illustrate the locations of end of winter 
snow drifts which had much deeper than average snow depth. Areas with slopes greater than 
9 degrees, as in Figure 1, are outlined in black, while linear blue lines are stream channels. 
Snow free, wetted surfaces are darker in colour and dry surfaces in lighter colours. Trail 
Valley Creek flows to the east and Siksik Creek to the southeast. 
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2.3    Methodology 
2.3.1 Snow observations 
 Although climate models suggest that precipitation will increase in most 
environments, various studies have clearly shown that changes in snowfall across the 
Arctic have been extremely variable. Understanding past changes in the snow 
environment in the Arctic is greatly complicated by typically short periods of weather 
station records, large errors in measurement of snowfall and snow on the ground, and few 
long-term records of natural snow cover across watersheds. The following section will 
outline a long term data set from the western Canadian Arctic that will allow for an 
improved understanding of the past changes in snow in this region of the Arctic.  
 Precipitation and related meteorological data are available from Inuvik Airport 
(Inuvik-A; YEV, 2202570) (Figure 1) for the period 1958 to present 
(climate.weather.gc.ca). This is one of the longest, continuous, period of precipitation and 
snow on the ground data in the western Canadian Arctic, and provides a unique 
opportunity to consider changes in winter snowfall in this region of the Arctic. There are 
various snow data sets from Inuvik-A that are available for analysis, each with various 
advantages and disadvantages. These include: snowfall estimated from ruler 
measurements of snow on the ground over a representative area (Metcalfe et al., 1994), 
while more recently snow on the ground has been estimated from SR50 ultrasonic ranging 
sensors, snowfall has been collected using a variety of manual or weighing precipitation 
gauges, and snow on the ground, under a natural open forest site, has been estimated from 
20 point snow surveys. There are limitations to each of these data sets, including the 
following. Wang et al. (2017) used the ruler measurements of snowfall at Canadian 
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weather stations, but had to estimate snow density to estimate snowfall as a depth of 
water and collection of these data ended in 2003 for Inuvik-A. The accuracy and 
consistency of snowfall from precipitation gauges also suffers from a number of issues, 
including changes in gauge type over the period of record. From manual gauges with 
Nipher shields in the early 1960s, to automatic Geonor weighing gauge with Alter shields 
beginning in the early 2000s. In addition, snowfall is typically under caught by all gauges 
due to wind effects around the orifice of the gauge. Finally, the 20 point snow surveys 
produced excellent monthly estimates of snow on the ground below a forest canopy, but 
do not provide snowfall information. In addition, these observations were discontinued a 
number of years ago. After careful consideration of each of these data sets, it was decided 
to use the total precipitation data from Inuvik-A during the period of October to May as 
this record was the most complete, compared to the aforementioned snowfall data set that 
is missing recent data (post 2003). It should be noted here that there is no consistent data 
set of wind undercatch corrected winter snowfall for Canada. Wang et al. (2017) provide 
an adjusted data set of snowfall, for trace values, using ruler measurements of snow on 
the ground and estimates of snow density. However, this adjusted data set for Inuvik 
snowfall is limited to the period of 1958-2003. In contrast, the climate.weather.gc.ca data 
set has a relatively full period of record for total precipitation. In the Arctic, when all 
winter precipitation falls as snow, it is felt that it is most consistent to use the measured 
precipitation for Inuvik-A and separate snowfall based on air temperature. Therefore, 
annual snowfall at Inuvik-A was estimated by totalizing daily precipitation for days with 
mean air temperatures below 0ºC from October 1st to May 30th. Separating rain from 
snow when air temperatures are near 0ºC is difficult due to many complicating factors 
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(Marks et al., 2013), one of which is large time steps of observational data (daily). Marks 
et al., 2013 showed that methods, to separate rain and snow, that use either a constant 
isotherm of 0ºC for air temperature, dew-point temperature or wet-bulb temperature are 
reasonably effective when applied at daily time steps. In this study, we will use 0ºC daily 
mean air temperatures to separate rain from snow for the period of interest. In addition to 
snowfall, we will use ruler and SR50 measurements of snow on the ground from Inuvik-A 
to compare to the snowfall for trends. However, we will not attempt to estimate snow 
density in order to estimate SWE. 
In addition to the Inuvik-A snowfall measurements, snowfall and related 
meteorological observations from the TVC Main “Meteorological” station (TMM) 
(Figure 1), and TVC Forest Site (TFS) in the TVC catchment will be used. TMM has two 
weather stations, the Wilfrid Laurier weather station (TMM-W) that was installed in 1991 
and a Meteorological Service of Canada (MSC) weather station (TMM-M; 220N005) 
installed in 1998 during the Mackenzie GEWEX Study (MAGS) (Stewart et al., 1998). 
TFS was installed in 2009. TMM-W and TMM-M are located approximately 20 meters 
apart in the central portion of the Siksik Creek watershed (Figure 1) and TFS is located in 
a sparse forest patch approximately 2 km south of the TMM stations (in the TVC 
watershed, but outside of Siksik). TMM-M, TMM-W and TFS currently measure 
precipitation (single alter shielded T-200B Geonor weighing gauge; Figure 4), air 
temperature and relative humidity (Vaisala model hygrothermometer), wind speed and 
direction (RM Young anemometer) and snow depth (SR50 ultrasonic ranging sensor). 
Snowfall has been measured at TMM-W since 1991, but with varying instruments. From 
1991 to 1998 a Nipher-shielded MSC manual gauge was used, following that a Nipher 
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shielded Fisher-Porter weighing gauge was in operation from 1998 to 2005. This gauge 
was destroyed by a bear in the summer of 2005 and an Alter shielded Geonor was 
installed in September 2006. However, winter winds speeds at this site are missing from 
2006 until 2008 due to rime-ice covering the anemometer and in September 2008 a RM 
Young anemometer was installed at a higher height on the tower. Therefore, corrected 
Geonor weighing precipitation was only calculated from 2008 to 2016. 
Duplication of the Geonor weighing gauges at TMM-W and TMM-M within a 
small area (~20 meters) provides both protection against gauge malfunctions and allows 
consideration of the range of errors between the same model precipitation gauges under 
different wind conditions of different wind undercatch for example. The TFS Geonor 
provides the opportunity for snowfall observations from a lower wind speed environment 
as it is shielded by the open forest (Figure 4), and potentially will provide a higher quality 
data set. Unlike the other two stations, TFS is also equipped with a 7.5 m2 snow scale 
(CRREL/NRCS SWE snow scale sensor 002.1; Figure 3) mounted on 4 load cells to 
measure SWE accumulation over an area of 0.84 m2. Pomeroy et al. (1997) suggested that 
with little blowing snow in the forest, and minimal canopy interception due to the widely 
separated trees, snow on the ground at this site should approximate total winter snowfall. 
If correct, snowfall, snow scale, and snow survey at this site should be very similar.  
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Figure 3. Snow scale located at the forest site equipped with 
4 load cells under the centre panel. Each of the 9 panels are 
0.91 by 0.91 m. 
Figure 4. Single Alter shielded Geonor weighing gauges at a) TMM-W on the right 
and TMM-M on the left and b) TFS 
a 
b 
TMM-W TMM-M 
TFS 
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2.3.2 Snowfall correction 
  During international studies of snow precipitation undercatch errors, the double 
fenced intercomparison reference (DFIR) gauge is considered to measure actual snowfall 
(Goodison et al., 1998). All other models of snow precipitation gauges (irrespective of 
gauge design, manual or automatic recording, or wind shield design) are known to 
significantly underestimate precipitation (Goodison et al., 1998; Smith, 2007) due to 
systematic error related to wind flow over and around the gauge’s orifice. To correct 
undercatch errors for single alter shielded Geonors, solid precipitation is adjusted for 
wind speed using the following standard approach (Smith, 2007; Pan et al., 2016):  
 𝑃𝑐𝑜𝑟𝑟 = 𝑃𝑜𝑏𝑠/𝐶𝐸  ( 1 ) 
where 𝑃𝑐𝑜𝑟𝑟(mm) is the solid precipitation corrected for wind, 𝑃𝑜𝑏𝑠(mm) is the observed 
solid precipitation and 𝐶𝐸 is the catch efficiency, with 𝐶𝐸 calculated as: 
 𝐶𝐸 = 1.18 ∙ 𝑒𝑥𝑝⁡(−0.18 ∙ 𝑊𝑠) ( 2 ) 
Where 𝑊𝑠 (m/s) is the wind speed at Geonor gauge height (approximately 2 m). Due to 
stronger wind speeds in the Arctic and because of a lack of tall vegetation at most sites 
(TMM for example), we used the following suggestions of Pan et al. (2016): a minimum 
threshold of 1.2 m/s and a maximum threshold of 9 m/s for the wind speed, resulting in 
catch efficiencies of 1 and 0.23 for winds below 1.2 m/s and above 9 m/s respectively. 
Daily images, from a time lapse camera installed at TMM, were used to determine the 
onset of snow accumulation for winters of 2014/15 and 2015/16. 
 
2.3.3 Spatially distributed watershed snow cover 
 The weather station snowfall and snow on the ground data outlined above are 
extremely useful in understanding long term trends in snowfall. However, actual snow on 
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the ground is also significantly impacted by other processes, including, blowing snow 
redistribution and sublimation, vapour transfer from the soil to the snowpack, and forest 
and shrub canopy interception and sublimation. To consider these effects, we will use 
spatially distributed snow survey data from Trail Valley Creek watershed. 
 
2.3.3.1    Trail Valley Creek 
 From 1991 to 2017, end of winter snow surveys were carried out in TVC 
catchment at the same locations reported by Marsh and Pomeroy (1996). Surveys were 
carried out in terrain types that were representative of the TVC watershed, including: 
tundra (low vegetation less than 0.5 m; 69.8%), shrub (tall shrub vegetation greater than 
0.5 m, but less than 3 m; 21.5%), forest (tree vegetation greater than 3 m; 0.5%) and drift 
(slopes greater than 9°; 8.2%). A total of 6808 snow depths and 854 snow density 
measurements were obtained over this period throughout 3 tundra sites, 2 shrub sites, 1 
forest site and 3 drift sites. These data will be used to consider changes in snow on the 
ground over this period of record. However, it should be noted that caution must be used 
with these data due to changes in observers and observation methods. For example, 28 
snow surveyors have measured end of winter snow accumulation since 1991, likely 
resulting in some discrepancies in techniques and sampling method between surveyors 
(Berezovskaya and Kane, 2007), and resulting errors. In addition, five types of snow core 
tubes for measuring snow density were used over this period. Large diameter tubes for 
shallow snow consisted of the Eastern Snow Conference model 30 (ESC-30; 30 cm2 
cross-sectional area), Meteorological Survey of Canada Type 1 (MSC; 39 cm2 cross-
sectional area) and SnowHydro (30 cm2 cross-sectional area). Farnes et al. (1982) 
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describes the differences between the ESC-30 and MSC tubes, with MSC snow tube 
having a 7% average error and the ESC-30 an average error of 0.3%. In addition, small 
diameter tubes used for deeper snow consisted of the Mount Rose (11 cm2 cross-sectional 
area) and Standard Federal (11 cm2 cross-sectional area). Again, these are described by 
Farnes et al. (1982), with the Standard Federal snow tube having a 10% average error and 
the Mount Rose an average error of 4.1%. The various differences in tube design (metal 
with spaces, or acrylic for seeing the core) and differences in cutter teeth design (shape 
and number of teeth) between these tubes result in well known variances in density 
estimates (Farnes et al., 1982; Goodison et al., 1987; Dixon and Boon, 2011). For snow 
depth measurements, two types of probes were used, avalanche snow depth probes (2 m 
and 5 m maximum depth) and more recently the MagnaProbes (1.2 m maximum depth; 
Sturm and Holmgren, 2002; Marshall et al., 2006). The 1991-2017 snow survey period 
will be used to analyze for long term trends in snow depth, density and SWE, and to put 
the 2014/15 and 2015/16 winters into this long-term context.  
Following Steppuhn (1976), the following equation is used to calculate SWE for 
each snow survey: 
 𝑆𝑊𝐸̅̅ ̅̅ ̅̅ ̅ = ⁡
𝜌𝑠̅̅ ̅
𝜌𝑤
⁡ ∙ 𝑑𝑠̅̅ ̅ ∙ 10 ( 3 ) 
Where 𝑆𝑊𝐸̅̅ ̅̅ ̅̅ ̅ (mm) is the mean SWE for a transect, 𝜌?̅? (g/cm
3) is the mean density along 
that transect, 𝜌𝑤 is the density of water and is equal to 1 g/cm
3, 𝑑𝑠̅̅ ̅ (cm) is the mean snow 
depth of that same transect and the constant 10 is the unit conversion from cm to mm. 
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2.3.3.2    Siksik Creek 
  In addition to the snow surveys noted above and carried out across TVC, 
additional snow surveys were conducted within Siksik during April of 2015 and 2016. 
The Siksik snow surveys were conducted along transects selected to be representative of 
the catchment’s land classification (vegetation and topography) and well distributed 
throughout the catchment (Figure 5) in order to document the spatial variability in snow 
depth, density and SWE. Snow depths were sampled at every 2 meters along 15 transects 
(April 2015) and 24 transects (April 2016), of 50 to 180 meters in length, which covered 
tundra, shrubs and drifts land cover types. Where snow depths were greater than 1.2 m, 
total depth was estimated from an avalanche probe that can measure depths up to 5 
meters. In total, 516 and 832 snow depth measurements were obtained in 2015 and 2016 
respectively using a combination of MagnaProbe and avalanche probe measurements. 
More snow depths were measured in 2016 than 2015 due to the need for a well distributed 
data set. 
  Snow densities during the two study winters were obtained using a combination of 
ESC-30, SnowHydro and Standard Federal snow core tubes depending on the year and 
snow depth. Density measurements were typically made every 10 snow depths. A total of 
46 and 84 end of winter snow density measurements were obtained for April 2015 and 
2016 respectively along transects noted above. A mean SWE (mm) was calculated for 
each transect by using equation 3. Total basin SWE for Siksik Creek were calculated 
using weighted averages of SWE for each landcover type similarly done for the past snow 
surveys at TVC. 
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Figure 5. DEM of Siksik Creek catchment. Transects where manual snow depth 
measurements were obtained are shown in pink (2015) and in light blue (2016). GPS 
ground control points are shown in red (2015) and blue (2016). The catchment is shown 
as the red polygon and the creeks as black lines, with TVC flowing towards the east. 
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2.3.4 High resolution mapping of end of winter snow depth 
  We obtained high resolution images of the Siksik domain using a light-weight, 
fixed-wing eBee (SenseFly®) UAS equipped with a Cannon PowerShot ELPH 110 HS 
RGB camera with 16.1 megapixels. All images were obtained near the end of winter and 
immediately before the melt period. The UAS was flown on days with low winds (less 
than 5 m/s) and in a north-south direction at a height of 186 m above sea level, and with 
an image overlap of 60 to 80%. Prior to the flight of the UAS, 12 ground control points 
(GCPs; Figure 5) were distributed throughout the catchment in both study winters. Some 
GCPs were placed on the snow surface and others at the base of snow pits and directly on 
the snow free tundra. These GCPs were surveyed using Real Time Kinematic (RTK) GPS 
(Leica SR530 dual frequency) with accuracies of under 0.05 m horizontally and 
vertically. UAS imagery was collected on April 28th 2015 and April 23rd 2016, with 911 
and 656 images respectively. Postflight Terra 3D, was utilized to post-process and stitch 
together each yearly set of images by matching 2D keypoints found on multiple images. 
The post-processing software then used the Structure-from-Motion (SfM) imaging 
technique to estimate the 3D structure from the assembled 2D imagery (Westoby et al., 
2012). Postflight Terra 3D then analyzed the images and generated a digital surface 
model (DSM), for each date, at a horizontal and vertical resolution of 0.03 m covering an 
area of approximately 2 km² that covered all of Siksik Creek watershed. These DSMs 
were aggregated to a 1 m horizontal resolution and then subtracted from a snow-free 
LiDAR digital elevation model (DEM) (Hopkinson et al., 2009) with a horizontal and 
vertical resolution of 1 and 0.05 m in order to map snow depth across the entire Siksik 
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Creek watershed. The end result is snow depth maps with a horizontal resolution of 1 m 
and a vertical resolution of 0.05m. 
 
2.3.5 Mapping end of winter snow density 
  In order to use the maps of snow depth from the UAS to map SWE at high 
resolution, there is also a need for high resolution maps of snow density. Few, if any, 
studies have carried this out, and none to our knowledge in Arctic. The Airborne Snow 
Observatory (ASO) operationally maps snow depth using airborne LiDAR in the Sierra 
Nevada mountains (Kirchner et al., 2014), and since snow density in this environment is 
dominated by melt freeze and compaction processes, the ASO estimates snow density 
from a simple snow density model (Painter et al., 2014). For the Arctic, temporal and 
spatial variability in snow density are significantly more complicated. One process that is 
very important in the Arctic is the development of depth hoar of very low density. Snow 
density models have done a poor job at predicting the development of depth hoar within 
the snowpack because they have difficulties in reproducing the variability of the depth 
hoar properties within the same snowpack (Barman and Jain, 2016). Therefore, process 
based modelling of density is currently not an option. Instead we will estimate snow 
density across the watershed by applying simple relationships using end of winter snow 
depth and density data (1390 measurements) from the 1991-2016. Specifically, we will 
use: (1) mean density for the 1991 to 2016 period for each grid point across the entire 
Siksik basin (Rees et al., 2014), (2) an inverse distance weighting (IDW) interpolation of 
the observed 2015 and 2016 densities and (3) a depth/density relationship (Sturm et al., 
2010) determined from the 1991 to 2016 density data. These methods were chosen based 
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on their different level of simplicity or ease of estimating density for the catchment, 
method 1 being the simplest to method 3 being the most complex. They were used to 
estimate spatial variation in density, and to allow mapping of SWE across the Siksik 
watershed.  
 
2.3.6 Mapping end of winter SWE 
  SWE across the Siksik watershed for 2015 and 2016 was mapped using UAS 
estimated depths and the three density estimation methods noted above. Spatial 
distribution in end of winter SWE was obtained via maps created, multiple distributed 
mean SWE UAS estimates for the catchment were calculated for each density method 
listed above and compared to their respective manual snow survey distributed mean SWE. 
Finally, estimates of the total water available for melt from Siksik Creek are obtained. 
 
2.4    Results 
2.4.1 Past changes in the snow environment 
2.4.1.1    Inuvik winter snowfall: 1958 to 2017 
The snow record at Inuvik-A for 1958-2017 (Figure 6) shows a general decline in 
all measurements of snowfall and snow on the ground. For example, during the first 30 
years (1958-1987), mean, maximum, minimum and standard deviation of snowfall was 
131, 192, 80 and 32 mm respectively, while during the last 30 years (1988-2017), the 
values are 111, 179, 63 and 31 mm respectively. Figure 6 shows that in Inuvik, snowfall 
during the 2015 and 2016 study winters were extremely low, with the 2010 and 2014 
winters holding the lowest snowfalls on record. Furthermore, Table 1 illustrates the 
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difference in mean snowfall, snow depth, snowfall as a percentage of yearly precipitation 
and air temperature between two 30-year periods at Inuvik-A. As shown in Table 1, there 
is a decrease in the four parameters except for air temperature between the two 30 year 
periods. With the lack of snow density data for the period of record, we can’t directly 
compare changes in snowfall to changes in snow depth. Using Mann-Kendall trend test, 
we see significant decline in snowfall (p = 0.0002) and maximum snow on the ground (p 
= 0.003) at Inuvik-A. These trends are subject to changes in instrumentation and 
measurement methods, for example, the station transitioned from manual measurements 
to automated measurements in 1995 and therefore we see a shift in the snowfall data. 
 
 
Figure 6. Inuvik yearly snowfall (grey columns), yearly maximum snow depth (solid black line) 
and percent of yearly precipitation as snow (solid red line) from 1958 to 2017. The dashed grey 
line and dashed horizontal black line are the trendlines for snowfall and maximum snow depth 
respectively. Snowfall and maximum snow depth data were acquired from the unadjusted daily 
data set at http://climate.weather.gc.ca.  
Table 1. Inuvik-A 30-year means. 
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2.4.1.2    Trail Valley snowfall: 2008 to 2016 
As shown in Figure 7 for the period of snowfall observations at TMM, there are 
variations from year to year, with a maximum of 176 mm in 2011/12, and a minimum of 
88 mm in 2015/16. Figure 7 also shows that the Inuvik-A uncorrected snowfall is 
typically larger than the TMM-W uncorrected snowfall but considerably smaller than the 
corrected TMM-W snowfall. The mean winter uncorrected snowfall at TVC was 71 mm 
and the mean corrected snowfall was 137 mm, lower than the uncorrected snowfall at 
Inuvik-A for this period of 94 mm. Although Inuvik-A wind speed is less than at TMM-
W, it is unclear if the difference in snowfall is due to using uncorrected snowfall at 
Inuvik, or due to an actual difference in snowfall between the two stations. It should be 
noted that the long term MSC snowfall records show that Tuktoyaktuk, 80 km north of 
TVC on the Beaufort Sea coast has average winter snowfall of 103 mm compared to 159 
mm at Inuvik (Canadian Climate Normals 1981-2010, 2016).  
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Pan et al. (2016) ran bias corrections for yearly precipitation (including rainfall, 
mixed precipitation and snowfall) at TVC for the years 2008 to 2014. They found that the 
annual mean corrected precipitation at TMM was 251 mm, while we attained a mean 
corrected snowfall of 137 mm of SWE at TMM for the years 2008 to 2016. This suggests 
that snowfall accounts for 55% of the yearly precipitation at TVC, slightly higher than the 
average of 49% for the Inuvik region.  
Figure 8 shows a selection of the metrics collected in the two study winters 
(2014/15 and 2015/16) at TMM and TFS. Winter of 2015/16 saw colder temperatures, 
lighter winds and less uncorrected and corrected precipitation than the previous winter. 
Furthermore, the winds at TFS are lighter than those at TMM-W, suggesting that the 
gauge undercatch may be lower, that the forest cover hinders blowing snow events within 
Figure 7. Comparison of TVC end of winter SWE from snow surveys (points), 
TMM-W corrected snowfall (light grey columns), TMM-W uncorrected snowfall 
(dark grey columns) and Inuvik-A uncorrected snowfall (black columns). Error 
bars on the snow surveys represent ± 1 standard deviation. Snowfall at TMM-W 
was measured using Geonor gauges with alter shields since 2008. 
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the forest patch and hence the forest snow cover may be closer in magnitude to the winter 
snowfall. Differences between snowfall measurements at TMM-W and TMM-M are 25 
mm for 2014/15 and 22 mm for 2015/16, these differences can be explained by the 
placement of the gauges. TMM-M Geonor gauge is placed closer (within 2 m) to tall, 
wind stream obstructing, instruments whereas the TMM-W gauge is in an open area (10 
m away from any obstruction) (Figure 4a). However, previous to the winter of 2015/16, 
the TMM-W gauge became tilted (approximately 10°) which increased the amplitude of 
the signal noise in the raw data, making it much harder to pick out snowfall events to 
wind pressure error. Therefore, we see less precipitation in 2015/16 at TMM-W than 
TMM-M. Much larger differences are present between the TFS gauge and the other two 
gauges due to lower wind speeds in the forest cover resulting in a lower wind-induced 
undercatch correction.  
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2.4.1.3    Changes in end of winter snow cover 
Lesack et al. (2014, Figure 4) showed that maximum annual snow on the ground 
measured by a daily average of multiple point measurements at Inuvik for the 56-year 
period of record (1957-2012) varied considerably. They indicated that snow depths at 
Inuvik based on the end of April have declined from an average of 59 to 25 cm between 
the periods of 1957-1985 and 1986-2012. Figure 6 shows another version of these data, 
Figure 8. Daily time series of meteorological data for the winters of 2014/2015 (left; 1-Oct-2014 
to 6-May-2015) and 2015/2016 (right; 25-Sept-2015 to 25-April-2015). 2-meter air temperature 
at TMM-W (a, b), 10-meter wind speed at TMM-W and TFS (c, d) and total snowfall at TMM-W, 
TMM-M and TFS (e, f, g, h) in mm of SWE. For total snowfall, a comparison of the three Geonor 
gauges is shown for uncorrected snowfall (e, f) and for corrected snowfall for wind-induced 
undercatch (g, h). The red dashed line in g and h is the snow scale located at TFS, meters away 
from the Geonor gauge. 
2015 2016 
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again illustrating that maximum snow depth has been slowly declining over the period of 
record. Note that these are snow depths, not SWE, and can not be directly compared to 
snowfall (Figure 6), but the trend is consistent between the two data sets. The average 
peak snow depth for the entire period of record is 66 cm, with a mean, maximum, 
minimum and standard deviation of 71, 99, 43 and 14 cm respectively during the first 30 
years and 61, 116, 40 and 16 cm respectively for the last 30 years. A decrease in the 30 
year mean is observed in the mean peak and minimum peak, however an increase in the 
30 year mean is observed in the maximum peak and standard deviation peak between the 
two 30-year periods. This decrease in mean peak snow depth, and increase in variability 
is consistent with predictions from climate models. Changes in snow depth is extremely 
important as depth plays a significant role in ecology and controlling the thermal 
insulation provided by the snow to soil (Barrere et al., 2017), and hence influences soil 
temperature and permafrost. 
Figure 9a, b and c illustrate that over the past 26 years (1991 to 2017), TVC end of 
winter average snow depths, density and SWE for each of the TVC landcover types have 
shown slight changes but also large variability. Snow depth, density and SWE have mean 
coefficients of variation (CV) of 0.30, 0.25 and 0.23 respectively. Average snow depth for 
the terrain types (tundra, shrub, forest and drift) was 37, 69, 73 and 185 cm respectively 
over the entire period of record. For 1991 to 2004, depths averaged 43, 80, 77 and 197 cm 
respectively, and for 2005 to 2017 depths averaged 39, 63, 69 and 183 cm. Little change 
in the drift class over the period of record is likely related to the fact that drift depth is 
likely more related to winter wind blowing snow events, and it is unknown whether there 
has been a change in the magnitude and frequency of such events. 
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End of winter SWE for tundra, shrubs, forest and drifts respectively ranged from: 
60 to 170 mm, 80 to 340 mm, 80 to 290 mm and 33 to 1270 mm, with basin average end 
of winter SWE ranging from 108 to 253 mm. There is greater inter-annual snow depth 
and SWE variability in the drift landcover. Figure 9d also illustrates that over the past 26 
years (1991 to 2017), the TVC end of winter snow cover has averaged 167 mm of SWE, 
with a maximum of 253 mm in 1991/92, a minimum of 108 mm in 2006/07 and a 
standard deviation of 38 mm. However, there has been no significant trend in end of 
winter basin SWE. 
Decreasing snowfall and end of winter SWE is not only sensitive to decreasing 
precipitation, but also to the length of the snowfall period. As an example, snow survey 
dates at TVC have been occurring earlier due to the increasing uncertainty when melt will 
begin in the spring. Hence, the surveys could be missing snowfall that occurs later. A 
more rigorous analysis uses the Inuvik-A data over the full 60-year period of record. 
Inuvik winters are indicated by the period between the first and last three consecutive 
daily mean air temperatures below the 0°C isotherm. Changes in the end of winter using 
this definition is similar to that reported by Shi et al. (2015) who showed that spring melt 
is occurring approximately 9 days earlier using a slightly different definition. The changes 
in fall and spring temperature results in a reduction of total winter length by 
approximately 14 days over the 60-year period seen in the trendline in Figure 10. With 
the use of the Mann-Kendall trend test the total winter length (Figure 10) shows a 
significant (p = 0.04) trend. 
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Figure 9. End of winter snow surveys results at TVC from 1991 to 2017. Snow depth, 
density and SWE for tundra (blue), shrub (red), forest (green) and drift (gray) are 
shown in a, b and c respectively. Basin mean SWE (black) and aerial weighted SWE 
for each landcover type shown in d. The basin mean SWE was calculated for winters 
when certain landcover types were not sampled by using the period of record mean 
SWE for that landcover type. 
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2.4.1.4    Snowfall compared to end of winter SWE 
SWE from snow surveys and from snowfall are compared in Figure 7 for the 
period 2008-2016 at TVC. Over this period, end of winter basin average SWE has been, 
on average, 24% greater than corrected snowfall and only four out of eight of the winters 
snowfall has been within 1 standard deviation of the snow surveys (Figure 7). This 
difference is not due to the effect of blowing snow sublimation, as sublimation would 
reduce basin SWE compared to snowfall. Note that Pomeroy et al. (1997) have estimated 
winter sublimation at TVC to be 20% of total snowfall. Larger SWE than corrected 
snowfall could be the result of two possibilities: i) the TVC basin may be a sink for 
blowing snow or ii) that true snowfall is actually larger than our estimate from snow 
gauges at TVC. Figure 7 shows that there doesn’t seem to be a year to year relationship 
between end of winter SWE on the ground and corrected snowfall. Nevertheless, in this 
8-year period there is a slight decrease in both snowfall and end of winter SWE.  
 
Figure 10. Length of winters in Inuvik, NWT, 
defined simply as the period between the first and 
last three consecutive daily mean air temperatures 
below the 0°C isotherm. The dashed line shows the 
60-year trend. 
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2.4.2 Errors involved in estimating watershed snow cover SWE 
 As noted earlier, there are considerable concerns over the errors associated with 
measuring snowfall and snow on the ground in the Arctic. Errors in measuring distributed 
SWE is primarily due to the concerns of measuring SWE in snow drifts. For example, 
Pomeroy et al. (1997) suggested that drifts contain a similar quantity of SWE as that 
located on tundra, with drifts covering only 8% of the landscape and tundra 70%. While, 
for the 1991-2017 period, snow surveys at TVC suggest a similar distribution with the 
percent of total basin SWE contained in each terrain type (tundra, shrub, forest and drift) 
as 39.6 %, 20.6 %, 0.5 % and 39.2 % respectively. Here we see that drift and tundra 
landcover types are similar in terms of the percentage of SWE stored in the basin, in spite 
of the large differences in area that they represent in the basin. However, as there are 
likely considerable uncertainties in measuring both drift area and SWE in drifts, there are 
large errors in documenting the average snow contained in drifts and the area that they 
occupy. To consider this issue, new methods using a UAS were implemented to map 
snow depth, snow density and SWE over the Siksik watershed, and then to compare these 
to traditional snow surveys. 
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2.4.2.1    Snow depths 
The snow depth maps in Figure 11 display high spatial variability in the snow 
depth across the Siksik catchment, with snow depths varying from 50 cm to above 200 
cm over distances as short as 10 m. Deeper snowpacks are seen on the western side of the 
catchment with greatest snow depths located in terrain and vegetation dominated drifts. In 
contrast, shallower snowpacks are observed on plateaus where wind erosion is strongest 
throughout the winter season. In 2015, the in-situ GPS measured observations had a mean 
Figure 11. End of winter (April 28th 2015 (left) and April 23rd 2016 (right)) snow depth as measured 
by UAS for Siksik catchment at a 1 m resolution. “No Data” represents areas where Postflight Terra 
3D was unable to find sufficient 2D keypoint matches. Manual observations (brown lines) and ground 
control points (GCP; red points) are illustrated. UAS estimated snow depth profiles (gray lines on 
maps) illustrated below maps. 
2015 2016 
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snow depth of 67.2 cm and a standard deviation of 38.0 cm, while the UAS derived mean 
snow depth was 79.5 cm and a standard deviation of 47.4 cm. As for 2016, the in situ 
mean snow depth was 60.5 cm and a standard deviation of 24.4 cm, while the UAS 
derived mean snow depth was 57.6 cm and a standard deviation of 26.5 cm.  
The relationship between the snow depths as estimated from the UAS and probing 
for the two study winters are in Figure 12 and in Table 2. The 2015 flight compared 516 
points (15 transects) with an absolute mean bias of 35.6 cm, a root mean square error 
(RMSE) of 49.0 cm and a R2 value of 0.67, while the 2016 flight only compared 832 
points (24 transects) with an absolute mean bias of 19.2 cm, a RMSE of 27.6 cm and a R2 
value of 0.40. The spread of snow depths along the 1:1 line, in Figure 12, is much greater 
in 2015, resulting in a R2 value much larger than that of 2016. The estimated values have 
also been compared to the observed values in terms of their probability distribution 
functions (PDFs) of snow depth in Figure 13 and their statistics are given in Table 2. A 
two sample Kolmogorov-Smirnov test was computed for both study winters PDFs, 
resulting in an absolute maximum difference of 0.207 and critical difference of 63.6 for 
2015 as well as 0.097 and 49.8 respectively for 2016. Both absolute maximum differences 
Figure 12. Scatter plots of observed snow depth vs. UAS estimated snow depth, 
scatter plot of April 2015 (left) with a RMSE of 49.0 cm and a R2 value of 0.67 and 
scatter plot of April 2016 (right) with a RMSE of 27.6 cm and a R2 value of 0.40. 
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values are smaller than their respective critical difference and therefore the UAS and 
observed snow depth frequencies are distributed similarly. This confirms that both 
samples are from the same distributed population. Furthermore, Figure 13c and f show 
that the observed snow depths have larger relative frequency peaks.  
Figure 13. Probability distribution functions (PDFs) of a) observed 
manual snow depths in April 2015, b) UAS estimated snow depths in 
April 2015, c) comparing observed (red) to estimated (blue) snow depth 
in April 2015, d) observed manual snow depths in April 2016, e) UAS 
estimated snow depths in April 2016, f) comparing manual (red) to UAS 
(blue) snow depth in April 2016. 
Table 2. Snow depth statistics for Figures 12 and 13. 
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The end of winter mean snow depth, standard deviation (Stdev) and CV for 2015 
in Table 2 show quite different distributions for the UAS estimated depths versus the 
observed depths. Whereas the 2016 end of winter snow depth distributions are well 
represented with the UAS estimated depths (Figure 13f), with mean snow depth of 60.5 
cm and 57.6 cm for observed and estimated respectively. The CV, which is a ratio of the 
standard deviation to the mean, is a standardized measure of variability and therefore can 
evaluate the distribution of snow. CV is greater in 2015 than in 2016 for both UAS 
estimated snow depths and observed snow depths, therefore it demonstrates that there is a 
greater variability in snow depths during 2015 (Table 2). The reason for this is partially 
due to the lack of snowfall as well as the lack of possible blowing snow events during the 
2015/2016 winter. 
 
2.4.2.2    Estimated snow densities 
  Method 1 uses a mean density of 0.246 g/cm3 calculated from all 1390 end of 
winter density measurements throughout 1991 to 2016 for TVC shown in Figure 14 and 
Table 3. Method 2 interpolates the mean density observed at each transect over the Siksik 
watershed for the two respective study years. Method 3 uses the following linear 
regression from the end of winter densities snow core data set (Figure 15): 
 𝜌𝑠 = 0.0011 ∗ 𝑑𝑠 + 0.1686  ( 4 ) 
Where 𝜌𝑠 is the snow density in g/cm
3 and 𝑑𝑠 is the snow depth in cm. End of winter 
snow density distribution maps were created for the IDW interpolation method and the 
depth/density relationship method listed above in section 2.3.5 and are shown in Figures 
16 and 17 respectively and for 2015 and 2016. Since method 1 is relying on a basin mean 
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density for the Siksik catchment no map was produced. Densities in Figure 16 range from 
0.152 g/cm3 to 0.387 g/cm3, whereas Figure 17 shares the same patterns as the snow 
depth maps from Figure 11, where denser snowpacks are collocated with deeper 
snowpacks and range from 0.169 g/cm3 to 0.499 g/cm3. These density maps will, in turn, 
be used to create SWE distribution maps for the Siksik catchment by multiplying the 
snow depths from Figure 11 to the densities in Figures 16 and 17. 
 
Figure 15. Linear regression of the end of winter snow 
density/depth relationship for TVC from 1991 to 2016. 
Figure 14. End of winter snow density-depth relationship for TVC from 1991 to 2016. 
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Table 3. Measured snow depths, densities and SWE from snow density 
corers in TVC from 1991 to 2016. 
Figure 16. End of winter interpolated densities of Siksik catchment at a 1 m resolution on April 
28th 2015 (left) and April 23rd 2016 (right). Applying an Inverse Distance Weighting (IDW) 
interpolation to densities obtained along the snow survey transects. 
2015 2016 
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2.4.2.3    Estimated SWE 
End of winter SWE distribution maps were created by combining the UAS 
estimated snow depth map (Figure 11) to each of the three estimated density methods 
listed above in section 2.3.5 and are shown in Figures 18, 19 and 20. The six SWE maps 
for 2015 and 2016 capture similar patterns over the landscape (i.e. largest SWE located in 
the drifts and lowest SWE located on the upland tundra). Their distributions are compared 
to manually observed distributions in Figure 21. Estimated SWE ranged, for both winters, 
from 0 mm to approximately 800 mm for method 1, 0 mm to approximately 1400 mm for 
method 2 and 0 mm to approximately 1000 mm for method 3. In terms of a mean 
distributed SWE across the catchment, we yielded quite different results between 2015 
Figure 17. End of winter estimated density of Siksik catchment at a 1 m resolution on April 
28th 2015 (left) and April 23rd 2016 (right). Applying the snow density/depth relationship from 
equation 4 to the UAS estimated snow depths from Figure 11. 
2015 2016 
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and 2016. Table 4 illustrates these differences between each year and compares each 
method as well as UAS derived SWE to manual snow survey SWE. In 2015, the 
distributed mean SWE had standard errors of 18.5%, 12.2% and 28.0% respectively for 
methods 1, 2 and 3. Whereas, in 2016, the distributed mean SWE standard errors were 
smaller, 4.7%, 7.0% and 4.9% respectively for methods 1, 2 and 3. In comparison to 
Siksik Creek, basin means were 129 and 123 mm in 2015 and 2016 respectively (Table 
4), the UAS estimated basin SWE were all larger using all three methods. For example, 
using method 3, basin mean SWE was 229 and 141 mm leading to standard errors of 77% 
and 14% in 2015 and 2016 respectively. 
Table 5 illustrates the differences of distributed mean and percentage of SWE 
between each landcover type for each method and the manual snow surveys within Siksik 
Figure 18. End of winter estimated SWE of Siksik catchment at a 1 m resolution on April 28th 
2015 (left) and April 23rd 2016 (right). Method 1: multiplying a basin mean density from the 
1991-2016 TVC data set to the estimated snow depths produced by the UAS (Figure 11). 
2015 2016 
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Creek. From this table, we see that drifts (terrain dominated) account for 11 to 14% and 
9.6 to 12.6% of the total basin SWE in 2015 and 2016 respectively, however they only 
occupy 5.1% area of the catchment. Shrubs (vegetation dominated drift) represent 22.7 to 
23.8% and 19.7 to 20.7% of the total basin SWE in 2015 and 2016 respectively, with only 
occupying 16.2% area of the catchment.  
 
 
 
 
 
 
Figure 19. End of winter estimated SWE of Siksik catchment at a 1 m resolution on April 
28th 2015 (left) and April 23rd 2016 (right). Method 2: multiplying the interpolated 
densities to the estimated snow depths produced by the UAS (Figure 11). 
2015 2016 
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Table 4. Distributed mean SWE for Siksik catchment using UAS and manual measurements. 
Figure 20. End of winter estimated SWE of Siksik catchment at a 1 m resolution on April 
28th 2015 (left) and April 23rd 2016 (right). Method 3: multiplying densities calculated from 
equation 4 by the estimated snow depths produced by the UAS (Figure 11). 
2015 2016 
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Table 5. Quantity of UAS estimated SWE captured in each landcover type of Siksik Creek 
watershed. 
Figure 21. PDFs of end of winter SWE for the 3 density methods. (a) density method 1, (b) 
density method 2 and (c) density method 3 for April 28th 2015. (d) density method 1, (e) density 
method 2 and (f) density method 3 for April 23th 2016. Distribution of manual observations in 
red and the distribution of UAS estimated in blue. 
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2.5    Discussion 
During the period of 1958 to 2017 at Inuvik-A, snowfall, snow on the ground and 
percentage of total precipitation as snowfall have declined, and the lengths of winters 
have become shorter. Furthermore, the Intergovernmental Panel on Climate Change 
Assessment Report 5 (IPCC AR5), with the use of precipitation simulations from Coupled 
Model Intercomparison Project Phase 5 (CMIP5), are seeing mixed changes in annual 
snowfall over the Northern Hemisphere (Collins et al., 2013). The IPCC AR5 states that 
decreases in snowfall are due to a shift in precipitation phase from solid to liquid and an 
earlier melt onset from consequent warming in the Arctic and that increases in snowfall 
are as a result of higher moisture content available from a reduced Arctic sea ice extent. 
Both scenarios are likely the case for the Inuvik region. 
At TVC, the total corrected snowfall is consistently less than the watershed SWE 
at the end of winter. This is similar to Woo et al. (1983) who also found that snowfall was 
smaller than snow on the ground at the end of the accumulation period in the Canadian 
high Arctic. For various hydrological and ecological needs, this clearly indicates that 
there are still significant unknowns in our understanding of the Arctic snow regime. 
These may include the following. Firstly, the catch efficiency equation used to correct for 
wind induced undercatch, from Smith (2007) and Pan et al. (2016), may be 
underestimating the precipitation, and therefore a new equation for Arctic landscapes 
would be necessary. Secondly, throughout winter there may be a significant water vapour 
flux from the soil to the snowpack (Santeford, 1978; Woo, 1982). Such vapour fluxes are 
dependent on soil characteristics and fall soil moisture, in interior Alaska, Santeford 
(1978) measured 30 mm of SWE transferred from the soil to the snowpack representing 
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25 to 30% of the moisture already in the snowpack. In Resolute, NU, Woo (1982) 
measured an upward flux of 2 to 3 mm of SWE for a 0.5 m snowpack. This phenomenon 
adds additional SWE to the snowpack without a snowfall source and needs further 
monitoring. Thirdly, sublimation occurs throughout winter, in greater amounts during 
blowing snow events (Pomeroy et al., 1997), reducing the quantity of snow on the ground 
by approximately 20% (Pomeroy et al., 1997). It is still difficult to capture sublimation 
from eddy covariance systems running all winter long at a very high frequency due to the 
lack of power during the long dark winter periods. Fourthly, snow surveys may 
over/under estimate snow on the ground. Unfortunately, our understanding of the 
magnitude, and in some cases direction of the errors, of each of the above is poorly 
understood. This is a significant problem greatly limiting both our understanding of the 
current snow environment of the Arctic and ability to predict future changes to the snow 
environment.  
With the use of UAS, it was confirmed that traditional snow surveys provide 
reasonable estimates of basin average SWE, this will provide us some confidence in the 
long-term record of snow surveys. UAS estimates may not be better than traditional snow 
surveys if all that is needed is a basin average SWE. However, UAS estimates provide a 
better way for mapping SWE across the landscape at fine resolution, which is very 
important for hydrological model testing and development. In terms of UAS repeatability, 
the end of winter 2015 UAS snow depths weren’t significantly representative of the 
observations, while the 2016 UAS snow depths showed greater representation of the 
observations. This was shown by the overall snow depth RMSE of 49.0 cm and 27.6 cm 
for 2015 and 2016 respectively. In comparison to other studies using UAS 
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photogrammetry, Vander Jagt et al. (2015), De Michele et al. (2016) and Harder et al. 
(2016) have obtained RMSEs of 9.6 cm, 14.3 cm and 13.7 cm respectively. However, 
these three studies were conducted on smaller scales, 0.007 km2, 0.3 km2 and 0.65 km2 
respectively, whereas our site is approximately 1 km2 in area. In addition, Vander Jagt et 
al. (2015) flew a multi-rotor UAS, meanwhile, De Michele et al. (2016) and Harder et al. 
(2016) both flew a fixed-wing UAS.  
 Obtaining spatial estimates of density at a high resolution on Arctic landscapes is 
quite difficult. Firstly, snow coring bulk density data is labour intensive and requires a 
great amount of time to complete (DeBeer and Pomeroy, 2009; Harder et al., 2016), 
secondly, numerical modelling could be a possibility, however they don’t work well in 
depth hoar rich snow conditions (Barman and Jain, 2016). Therefore, the three snow 
density distribution methods that were chosen illustrate different techniques at obtaining 
densities on a spatial scale. While we have only tested three methods of spatially 
distributing densities across the landscape, each one has its advantages and disadvantages. 
Method 1 is simplistic and would work well at a larger scale, however because it uses a 
single mean density, it misrepresents the shallow and deeper snowpacks and therefore 
would not be great for high resolution scales. Method 2 did not represent the density 
spatially well even though the densities were from the 2015 and 2016, the IDW 
interpolation was not great due to the few number of densities taken over the catchment. 
Although method 3 is more complex, it performs well at representing the densities of 
shallow and deeper snowpacks, and seems to be the best method for high resolution 
mapping. Others have used computer density models to densify the snow throughout the 
accumulation season to acquire distributed spring densities (Jonas et al., 2009; Bormann 
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et al., 2013). This technique could be useful in the future for it is less labour intensive 
than the collection of snow densities every year, however the computer density models do 
not perform very well on the Arctic landscape because of the vast amount of depth hoar 
overlying the hummock terrain (Barrere et al., 2017). These three methods were primarily 
used to acquire SWE distributions by converting snow depth estimates to SWE with each 
distributed density method. 
With the use of UAS estimated SWE maps and traditional snow surveys it was 
shown that terrain dominated drifts can accumulate almost three times their area and 
vegetation dominated drifts almost one and a half times their area as seen in Table 6. 
Together they can account for 39 to 56% of the total basin SWE, for only occupying a 
combined area of approximately 21%. The results show terrain and vegetation (shrubs) 
dominated drifts on this landscape can hold 5 and 4 times more SWE than the tundra 
respectively in terms of equivalent area (Table 6). Terrain dominated drifts in Siksik 
Creek captured 14% and 17% of total winter precipitation. Sturm et al. (2001b) found 
similar results, as much as 15% of the winter precipitation is captured in Alaskan drifts. 
Moreover, terrain dominated drifts, vegetation dominated drifts and tundra accumulated 
282%, 209% and 80.5% of total snowfall on average respectively for the 2-year study in 
Siksik Creek.  
Finally, by comparing the two study winters we see that 2014/15 had more 
possible blowing snow events throughout the winter than 2015/16, due to a greater 
number of wind speeds larger than the 7m/s blowing snow threshold (Li and Pomeroy, 
1997). This reduced the amount of SWE held in tundra and increased the amount of SWE 
held in drifts and shrubs, resulting in larger CV. In contrast, the winter of 2015/16 saw 
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less total snowfall, however the tundra gained SWE over the previous winter. Therefore, 
fewer blowing snow events must have occurred in 2015/16, causing a reduction in wind 
scoured tundra (lighter winds seen in 2015/16; Figure 8c and d) and consequently less 
SWE deposited into drifts and shrubs. 
 
 
2.5.1 Limitations in snowfall 
Measuring snowfall is very difficult since snow does not always fall during 
similar weather conditions (i.e. temperature, atmospheric pressure, wind speed and 
direction) and must be corrected for wind-induced undercatch in this harsh climate. 
However, anemometers tend to slow or even completely stop when ice builds on the 
Table 6. Landcover and snow characteristics summary for Siksik Creek. 
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rotating cups or propeller as seen in Figure 22 and from data in Figure 8 from January 8th 
2016 to February 17th 2016, therefore our wind speed readings may in fact be much larger 
in reality. For this period with lack of measured wind speeds due to frozen anemometers 
from TMM and surrounding stations, wind speeds 
from Inuvik, NWT were used to correct snowfall. 
Other errors observed came from the permafrost 
thaw under the Geonor gauge at TMM during 
heavy rainfall events of August and September 
2015. This tilted the gauge to approximately 10 
degrees which increased the amplitude of the signal 
noise in the raw data, making it much harder to pick 
out snowfall events to wind pressure error. A 
combination of ice-build up and drifting snow 
accumulated on the rim of the gauge and partially 
covered the orifice of the Geonor gauge (Figure 23) 
causing accumulation of precipitation to decrease or 
to completely cease, this is seen in the data at the 
forest site (Figure 8g and h).  
 
2.5.2 Limitations in end of winter snow cover 
Measuring snow depth, density and SWE is 
no easy task across a large area. Sampling these 
three snow parameters is affected by various 
Figure 22. Rime ice build-up on an 
anemometer located at the forest 
site (photo taken in December 2016 
by Branden Walker). 
Figure 23. Rime ice build-up on the 
orifice of the Geonor gauge located 
at the forest site (photo taken in 
December 2016 by Branden 
Walker). 
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snowpack properties and underlying vegetation properties (i.e. ice layers, depth hoar, 
organic material; Berezovskaya and Kane, 2007). Berezovskaya and Kane (2007) showed 
that when probing the snowpack an overestimation of 11 to 31% in snow depth occurs 
due to penetration of the probe into the low density organic snow substrate (moss and 
lichens) overlaying the impermeable frozen ground. They also found overestimates of up 
to 20% when measuring SWE. This overestimation error is difficult to correct given that 
the error varies with the multiple personnel sampling the snowpack (Berezovskaya and 
Kane, 2007).  
 
2.5.3 Limitations in spatial variations of end of winter SWE 
The photogrammetric method for extracting snow depth and characterizing SWE, 
based on snow depths retrieved and a variety of methods to spatially distribute density, 
have many strengths and weaknesses. Most studies extract a UAS snow-free DSM from 
their UAS snow-covered DSM to obtain snow depths, whereas this study uses a snow-
free bare ground LiDAR instead of the UAS snow-free DSM. This was done to be able to 
rule out most of the errors that would come from vegetation on the landscape; however, 
there are still errors due to minimal vegetation above the snow surface during the UAS 
snow-covered flight. The main sources of error in the UAS derived snow maps are from 
the vertical resolution of the LiDAR DEM and UAS DSMs of approximately 0.05 m each 
overtop of the GCPs. Errors between the UAS derived snow depths and the observed 
MagnaProbe snow depths can be quite large as seen as depth profiles in Figure 24. This 
error is due to the MagnaProbe’s GPS horizontal accuracy of 5 m (Nolan et al., 2015), 
while the UAS DSM has been georeferenced with RTK and has a much higher horizontal 
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accuracy of just under 0.05 m. Other factors that may have influenced the UAS derived 
snow depths consist of the type of UAS and weather conditions. As previously 
mentioned, the UAS used in this study was a fixed-wing device, which allows for larger 
areal extent mapping, however is more susceptible to instability in stronger winds than 
the multi-rotor devices. Sun angle also played an important role in capturing the snow 
surface because shadows were cast on the snow surface behind steep slopes or within 
snowmobile tracks.  
 
Figure 24. End of winter snow survey depth profiles 
of three sites in April 2016. Comparing manual 
observed snow depth (red) to UAS estimated snow 
depth (black). 
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2.6    Conclusion 
To conclude, changes in snowfall, end of winter snow cover and spatial variability 
have been explored. Over the past 60 years, snowfall has been decreasing in Inuvik, 
NWT, similarly over the past 26 years, end of winter SWE has also been decreasing in 
TVC. However, these two parameters hold many limitations in methodology. This thesis 
focussed on a solution to measuring snow depth, density and SWE at a high resolution, in 
turn, to quantify the importance of snow drifts on total watershed snow cover.  
The research results indicate that UAS photogrammetry can be used to acquire 
accurate snow depth estimates and spatial variability of snow at high spatial and temporal 
resolutions. Here, a small fixed-wing UAS created DSMs and snow depth maps through 
SfM techniques of photographs of the Siksik catchment and was tested in its ability to 
estimate snow depth and spatial variability over an Arctic tundra landscape. Furthermore, 
the estimated snow depths from the UAS were combined with three spatially defining 
snow density methods to acquire spatial variability in SWE across the Siksik catchment at 
a high resolution. This new method at obtaining spatial variation of SWE proves to be 
helpful in understanding local scale snow processes and can allow us to monitor SWE 
spatially throughout the melt period with multiple UAS flights over the catchment. These 
distributions of snow depth and SWE are necessary for validation of hydrological models, 
climate models and remote sensing techniques. 
The resulting UAS SWE maps illustrated that drifts (both terrain and vegetation 
controlled) can account for 39 to 56% of the total basin SWE, for only occupying a 
combined area of approximately 21%. The observations presented in this study indicate 
that fixed controls, topography and vegetation, are key factors in the quantity of SWE that 
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is redistributed and deposited in depressions or trapped in ground cover (Rees et al., 
2014). On another note, traditional snow surveys do provide reasonable estimates of basin 
average SWE, however UAS imagery provide a better way of mapping SWE at fine 
resolutions and relatively low costs. The next step for future studies is to quantify the 
snow cover variability between the land classes throughout the entire winter instead of 
only at the peak accumulation. This is necessary to document snow cover properties and 
to understand how the different drift features form.  
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Chapter 3: Conclusion 
3.1    Summary 
In this thesis, changes in the snow environment and the role of snow drifts in the 
Trail Valley Creek watershed were investigated. Using new remote sensing technology, a 
small fixed-wing UAS, DSMs and snow depth maps were created with the use of SfM 
techniques. The UAS estimated snow depth maps were then combined with spatially 
defining snow density methods across a sub-catchment to acquire spatial variability of 
SWE. This new method of obtaining spatial variation of SWE proves to be helpful in the 
understanding of local scale snow processes. These distributions of snow depth density 
and SWE are necessary for validation of hydrological models, climate models and remote 
sensing techniques. A description of the main results of this thesis follows. 
In chapter 2, the results from changes in snowfall, end of winter snow cover and 
spatial variability have been explored. It is shown that in the previous 60 years there has 
been a decline in snowfall and in the percentage of yearly precipitation fallen as snow in 
Inuvik, NWT. A decline in maximum annual snow depth and a reduction in the length of 
winters in Inuvik are also present during this period. Furthermore, this study shows that 
there is a slight decrease in end of winter SWE stored in the TVC watershed.  
Within the forest-tundra ecotone, the distribution of vegetation and topography 
play a dominant role in defining the snow distribution patterns of the landscape, to the 
extent that terrain and vegetation dominated drifts can hold up to 5 and 4 times more 
SWE than tundra respectively in terms of equivalent area. This end of winter snow 
distribution pattern is dependent on wind speed, direction and weather patterns 
throughout the winter months. For this study, generation of snow depth and SWE maps, 
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with the use of UAS imagery, was necessary to locate and calculate the area and quantity 
of SWE stored in these drift features. This, in turn, was used to illustrate the importance 
of drifts on Arctic landscapes.  
 
3.2    Suggestions for future work 
 Regardless of the changes in snowfall, spatial variability and end of winter snow 
cover documented in this thesis, some aspects affecting the latter remain to be fully 
explored. For instance, the ability to measure sublimation in Arctic environments at high 
frequencies using eddy covariance systems and to fully understand the soil to snow 
vapour flux throughout the full winter period. These two processes could influence the 
end of winter snow cover significantly and, with the addition of a blowing snow model, a 
snow mass balance for the basin would be feasible. 
 Additional spatial densification methods could be tested, namely using numerical 
model densification to obtain spatial variability of density. This method can then be 
compared to the methods applied in this thesis. Furthermore, with the implementation of 
these spatial densification methods and the application of UAS, new studies are now 
possible to capture changes in snow covered area, SWE and basin water storage across 
the snowmelt period at higher spatial and temporal resolutions. Another possible practical 
use for UASs would be to measure normalized difference vegetation index (NDVI) with 
different wavelength band cameras. Not only are UASs very efficient at capturing these 
changes but they are also a very cost-effective tool with a comparable accuracy to 
traditional measurements. 
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A future approach to build on this study would be to quantify the snow cover 
variability between the land classes throughout the entire winter instead of at the peak 
accumulation at the end of winter. This is necessary to document snow cover properties 
and to understand how and when drift features form. 
At a larger timescale, the impacts of climate change on the Arctic snow cover are 
of great concern. Will the role of snow drifts and their holding capacity increase or 
decrease in a warmer environment? Will decreases in snowfall necessarily lead to 
decreases in drift size? Many uncertainties in the topic of snow drifts and spatial 
variability still exist and they present great research opportunity for the 
hydrometeorological community. 
 
  
68 
 
References 
Anderson, J. R. & Nilssen, A. C. Trapping oestrid parasites of reindeer: the response of 
Cephenemyia trompeand Hypoderma tarandi tobaited traps. Medical and 
veterinary entomology 10, 337-346 (1996). 
Barman, R., & Jain, A. K. Comparison of effects of cold‐region soil/snow processes and 
the uncertainties from model forcing data on permafrost physical 
characteristics. Journal of Advances in Modeling Earth Systems 8, 453-466 (2016). 
Barrere, M. Domine, F., Decharme, B., Morin, S., Vionnet, V. & Lafaysse, M. Evaluating 
the performance of coupled snow-soil models in SURFEXv8 to simulate the 
permafrost thermal regime at a high Arctic site. Geosci. Model Dev. Discuss. 1–38 
(2017). doi:10.5194/gmd-2017-50 
Benson, C. S. Reassessment of winter precipitation on Alaska’s Arctic Slope and 
measurements on the flux of wind blown snow. Geophysical Institute, University of 
Alaska, Fairbanks (1982). 
Berezovskaya, S. & Kane, D. L. Measuring snow water equivalent for hydrological 
applications: part 1, accuracy of observations. in Proceedings of the 16th 
International Northern Research Basins Symposium and Workshop, Petrozavodsk, 
Russia 29–37 (2007). 
Bliss, L. C. & Matveyeva, N. V. Circumpolar arctic vegetation. in Arctic Ecosystems in a 
Changing Climate 59–89 (1992). 
Bormann, K. J., Westra, S., Evans, J. P. & McCabe, M. F. Spatial and temporal variability 
in seasonal snow density. J. Hydrol. 484, 63–73 (2013).  
Bowling, L. C., Kane, D. L., Gieck, R. E., Hinzman, L. D. & Lettenmaier, D. P. The role 
69 
 
of surface storage in a low-gradient Arctic watershed. Water Resource Research 
39, 1087-1100 (2003). 
Brown, R., Derksen, C. & Wang, L. A multi ‐ data set analysis of variability and change 
in Arctic spring snow cover extent, 1967 – 2008. J. Geophys. Res. Atmos. 115, 
(2010). 
Bühler, Y., Marty, M., Egli, L., Veitinger, J., Jonas, T., Thee, P., & Ginzler, C. Snow 
depth mapping in high-alpine catchments using digital photogrammetry. Cryosph. 
9, 229–243 (2015). 
Bühler, Y., Adams, M. S., Bosch, R. & Stoffel, A. Mapping snow depth in alpine terrain 
with unmanned aerial systems (UASs): Potential and limitations. Cryosphere 10, 
1075–1088 (2016). 
Callaghan, T. V, Werkman, B. R. & Crawford, R. M. M. The Tundra-Taiga Interface and 
Its Dynamics: Concepts and Applications. Ambio Spec. Rep. 6–14 (2002). 
doi:10.2307/25094570 
Canadian Climate Normals 1981-2010 Station Data - Climate - Environment and Climate 
Change Canada. (2016). at 
<http://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?searchT
ype=stnName&txtStationName=Inuvik&searchMethod=contains&txtCentralLatMi
n=0&txtCentralLatSec=0&txtCentralLongMin=0&txtCentralLongSec=0&stnID=1
669&dispBack=1> 
Church, J. E. Snow Surveying: Its Principles and Possibilities. Geogr. Rev. 23, 529–563 
(1933). 
Collins, M., R. Knutti, J. Arblaster, J.-L. Dufresne, T. Fichefet, P. Friedlingstein, X. Gao, 
70 
 
W.J. Gutowski, T. Johns, G. Krinner, M. Shongwe, C. Tebaldi, A.J. Weaver & M. 
Wehner. Long-term Climate Change: Projections, Commitments and 
Irreversibility. Climate Change 2013 Physical Science Basis. Contribution of 
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change. 1029–1136 (2013). doi:10.1017/CBO9781107415324.024 
Colomina, I. & Molina, P. Unmanned aerial systems for photogrammetry and remote 
sensing: A review. ISPRS Journal of Photogrammetry and Remote Sensing 92, 79–
97 (2014). 
De Michele, C., Avanzi, F., Passoni, D., Barzaghi, R., Pinto, L., Dosso, P., Ghezzi, A., 
Gianatti, R. & Vedova, G.D. Using a fixed-wing UAS to map snow depth 
distribution: An evaluation at peak accumulation. Cryosphere 10, 511–522 (2016). 
DeBeer, C. M. & Pomeroy, J. W. Modelling snow melt and snowcover depletion in a 
small alpine cirque, Canadian Rocky Mountains. Hydrol. Process. 23, 2584-2599 
(2009). 
DeBeer, C. M., Wheater, H. S., Carey, S. K., & Chun, K. P. Recent climatic, cryospheric, 
and hydrological changes over the interior of western Canada: a review and 
synthesis. Hydrology and Earth System Sciences 20, 1573-1598 (2016). 
Deems, J. S., Fassnacht, S. R. & Elder, K. J. Fractal Distribution of Snow Depth from 
Lidar Data. Journal of Hydrometeorology 7, 285–297 (2006). 
Derksen, C., Silis, A., Sturm, M., Holmgren, J., Liston, G. E., Huntington, H., & Solie, D. 
Northwest Territories and Nunavut Snow Characteristics from a Subarctic 
Traverse: Implications for Passive Microwave Remote Sensing. Journal of 
Hydrometeorology 10, 448–463 (2009). 
71 
 
Derksen, C., & Brown, R. Spring snow cover extent reductions in the 2008–2012 period 
exceeding climate model projections. Geophysical Research Letters 39, (2012). 
Derksen, C., Lemmetyinen, J., Toose, P., Silis, A., Pulliainen, J., Sturm, M. Physical 
properties of Arctic versus subarctic snow: Implications for high latitude passive 
microwave snow water equivalent retrievals. Journal of Geophysical Research: 
Atmospheres 7254–7270 (2014). doi:10.1002/2013JD021272. 
Déry, S. J., Taylor, P. A. & Xiao, J. The thermodynamic effects of sublimating, blowing 
snow in the atmospheric boundary layer. Boundary-Layer Meteorology 89, 251–
283 (1998). 
Déry, S. J. The role of blowing snow in the hydrometeorology of the Mackenzie River 
Basin. PhD Dissertation, McGill University, Montreal (2001).  
Déry, S. J. & Yau, M. K. Large-scale mass balance effects of blowing snow and surface 
sublimation. J. Geophys. Res. Atmos. 107, 4679–4696 (2002). 
Dietz, A. J., Kuenzer, C., Gessner, U. & Dech, S. Remote sensing of snow – a review of 
available methods. International Journal of Remote Sensing 33, 4094–4134 (2012). 
Dixon, D. & Boon, S. Comparison of the SnowHydro snow sampler with existing snow 
tube designs. Hydrological Processes 26, 2555–2562 (2012). 
Downes, C. M., Theberge, J. B. & Smith, S. M. The influence of insects on the 
distribution, microhabitat choice, and behaviour of the Burwash caribou herd. 
Canadian Journal of Zoology 64, 622–629 (1986). 
Ecological Stratification Working Group (ESWG). A National Ecological Framework for 
Canada. 132 (1995). doi: Cat. No. A42-65/1996E; ISBN 0-662-24107-X 
Endrizzi, S., Quinton, W. L. & Marsh, P. Modelling the spatial pattern of ground thaw in 
72 
 
a small basin in the arctic tundra. Cryosphere Discussion 5, 367–400 (2011). 
Essery, R. L. H., Li, L. & Pomeroy, J. W. A distributed model of blowing snow over 
complex terrain. Hydrological Processes 13, 2423–2438 (1999). 
Essery, R. & Pomeroy, J. Vegetation and Topographic Control of Wind-Blown Snow 
Distributions in Distributed and Aggregated Simulations for an Arctic Tundra 
Basin. Journal of Hydrometeorology 5, 735–744 (2004). 
Farnes, P. E., Peterson, N. R., Goodison, B. E., & Richards, R. P. Metrication of manual 
snow sampling equipment. In Proceedings of the 50th Annual Meeting of the 
Western Snow Conference, 120-132 (1982). 
Filhol, S. & Sturm, M. Snow bedforms: A review, new data, and a formation model. J. 
Geophys. Res. Earth Surf. 120, 1645–1669 (2015). 
Fleming, M. D., Chapin, F. S., Cramer, W., Hufford, G. L., & Serreze, M. C. Geographic 
patterns and dynamics of Alaskan climate interpolated from a sparse station 
record. Global Change Biology 6, 49-58 (2000). 
Foster, J. L., Robinson, D. A., Hall, D. K. & Estilow, T. W. Spring snow melt timing and 
changes over Arctic lands. Polar Geogr. 31, 145–157 (2008). 
Goodison, B. E., Glynn, J. E., Harvey, K. D. & Slater, J. E. Snow Surveying in Canada: A 
Perspective. Canadian Water Resources Journal 12, 27–42 (1987). 
Goodison, B. E. & Walker, A. E. Use of snow cover derived from satellite passive 
microwave data as an indicator of climate change e. Ann. Glaciol. 17, 137–142 
(1993). 
Goodison, B. E., Louie, P. Y. T. & Yang, D. WMO solid precipitation measurement 
intercomparison. Geneva: World Meteorological Organization, (1998). 
73 
 
Graversen, R. G., Mauritsen, T., Tjernström, M., Källén, E. & Svensson, G. Vertical 
structure of recent Arctic warming. Nature 451, 53–56 (2008). 
Grünewald, T., Schirmer, M., Mott, R. & Lehning, M. Spatial and temporal variability of 
snow depth and ablation rates in a small mountain catchment. Cryosphere 4, 215–
225 (2010). 
Hagemoen, R. I. M. & Reimers, E. Reindeer summer activity pattern in relation to 
weather and insect harassment. Journal of Animal Ecology 71, 883–892 (2002). 
Harder, P., Schirmer, M., Pomeroy, J. W. & Helgason, W. Accuracy of Snow Depth 
Estimation in Mountain and Prairie Environments by an Unmanned Aerial Vehicle. 
Cryosph. 10, 2559–2571 (2016). 
Heginbottom, J. A. & Radburn, L. K. Permafrost and Ground Ice Conditions of 
Northwestern Canada. Map / Geol. Surv. Canada; 1691A (1992). 
Hopkinson, C., Sitar, M., Chasmer, L. & Treitz, P. Mapping Snowpack Depth beneath 
Forest Canopies Using Airborne Lidar. Photogrammetric Engineering & Remote 
Sensing 70, 323–330 (2004). 
Hopkinson, C., Fox, A., Monette, S., Churchill, J., Crasto, N. & Chasmer, L. Mackenzie 
Delta LiDAR collaborative research data report. 178 (2009). 
Hopkinson, C., Collins, T., Anderson, A., Pomeroy, J. & Spooner, I. Spatial snow depth 
assessment using LiDAR transect samples and public GIS data layers in the Elbow 
River Watershed, Alberta. Canadian Water Resources Association Journal 37, 69–
87 (2012). 
Jonas, T., Marty, C. & Magnusson, J. Estimating the snow water equivalent from snow 
depth measurements in the Swiss Alps. J. Hydrol. 378, 161–167 (2009). 
74 
 
Kirchner, P. B., Bales, R. C., Molotch, N. P., Flanagan, J. & Guo, Q. LiDAR 
measurement of seasonal snow accumulation along an elevation gradient in the 
southern Sierra Nevada, California. Hydrol. Earth Syst. Sci. 18, 4261–4275 (2014). 
Koenig, L. S. & Forster, R. R. Evaluation of passive microwave snow water equivalent 
algorithms in the depth hoar-dominated snowpack of the Kuparuk River 
Watershed, Alaska, USA. Remote Sens. Environ. 93, 511–527 (2004). 
Lantz, T. C. & Kokelj, S. V. Increasing rates of retrogressive thaw slump activity in the 
Mackenzie Delta region, N. W. T., Canada. Geophys. Res. Lett. 35, (2008). 
Lantz, T. C., Gergel, S. E. & Kokelj, S. V. Spatial Heterogeneity in the Shrub Tundra 
Ecotone in the Mackenzie Delta Region, Northwest Territories: Implications for 
Arctic Environmental Change. Ecosystems 13, 194–204 (2010). 
Larter, N. C. & Nagy, J. A. Variation between snow conditions at Peary caribou and 
muskox feeding sites and elsewhere in foraging habitats on Banks Island in the 
Canadian High Arctic. Arctic, Antarctic, and Alpine Research 33, 123–130 (2001).  
Leinss, S., Parrella, G. & Hajnsek, I. Snow height determination by polarimetric phase 
differences in X-Band SAR Data. IEEE Journal of Selected Topics in Applied 
Earth Observation and Remote Sensing 7, 3794–3810 (2014). 
Lesack, L. F., Marsh, P., Hicks, F. E., & Forbes, D. L. Local spring warming drives 
earlier river‐ice breakup in a large Arctic delta. Geophysical Research Letters 41, 
1560-1567 (2014). 
Li, L. & Pomeroy, J. W. Probability of occurrence of blowing snow. Journal of 
Geophysical Research 102, 21955 (1997). 
Liston, G. E., Brown, R. L. & Dent, J. D. A Two-Dimensional Computational Model of 
75 
 
Turbulent Atmospheric Surface Flows with Drifting Snow. Annals of Glaciology 
18, 281–286 (1993). 
Liston, G. E. & Hall, D. K. An energy-balance model of lake-ice evolution. Journal of 
Glaciology 41, 373–382 (1995). 
Liston, G. E. & Sturm, M. A snow-transport model for complex terrain. Journal of 
Glaciology 44, 498–516 (1998). 
Liston, G. E., Mcfadden, J. P., Sturm, M. & Pielke, R. A. Modelled changes in arctic 
tundra snow, energy and moisture fluxes due to increased shrubs. Glob. Chang. 
Biol. 8, 17–32 (2002). 
Liston, G. E., & Sturm, M. (2004). The role of winter sublimation in the Arctic moisture 
budget. Hydrology Research 35, 325-334 (2004). 
Liston, G. E. & Elder, K. A Distributed Snow-Evolution Modeling System (SnowModel). 
Journal of Hydrometeorology 7, 1259–1276 (2006). 
Liston, G. E., & Hiemstra, C. A. The changing cryosphere: Pan-Arctic snow trends 
(1979–2009). Journal of Climate 24, 5691-5712 (2011). 
Liston, G. E., Perham, C. J., Shideler, R. T. & Cheuvront, A. N. Modeling snowdrift 
habitat for polar bear dens. Ecological Modelling 320, 114–134 (2016). 
Loranty, M. M. & Goetz, S. J. Shrub expansion and climate feedbacks in Arctic tundra. 
Environ. Res. Lett. 7, 1–3 (2012). 
Marks, D., Winstral, A., Reba, M., Pomeroy, J., & Kumar, M. An evaluation of methods 
for determining during-storm precipitation phase and the rain/snow transition 
elevation at the surface in a mountain basin. Advances in Water Resources 55, 98-
110 (2013). 
76 
 
Marsh, P. & Woo, M. Snowmelt, glacier melt, and high arctic streamflow regimes. 
Canadian Journal of Earth Sciences 18, 1380–1384 (1981). 
Marsh, P., Quinton, W. L. & Pomeroy, J. W. Hydrological Processes and Runoff at the 
Arctic Treeline in Northwestern Canada. Proc. Tenth Int. North. Res. Basins Symp. 
Work. Norw. 28, 368–397 (1995). 
Marsh, P. & Pomeroy, J. W. Meltwater fluxes at an arctic forest-tundra site. Hydrol. 
Process. 10, 1383–1400 (1996). 
Marsh, P., Onclin, C. & Neumann, N. Water and energy fluxes in the lower Mackenzie 
valley, 1994/95 Water and Energy Fluxes in the Lower Mackenzie Valley. 
Atmosphere-Ocean 40, 245–256 (2002). 
Marsh, P., Pomeroy, J., Pohl, S., Quinton, W., Onclin, C., Russell, M., Neumann, N., 
Pietroniro, A., Davison, B. & McCartney, S. Snowmelt processes and runoff at the 
arctic treeline: Ten years of MAGS research. in Cold Region Atmospheric and 
Hydrologic Studies. The Mackenzie GEWEX Experience 97–123 (2008). 
doi:10.1007/978-3-540-75136-6_6 
Marsh, P., Bartlett, P., MacKay, M., Pohl, S. & Lantz, T. Snowmelt energetics at a shrub 
tundra site in the western Canadian Arctic. Hydrol. Process. 24, 3603–3620 
(2010). 
Marshall, H. P., Koh, G., Sturm, M., Johnson, J.B., Demuth, M., Landry, C., Deems, J. & 
Gleason, J.A. Spatial variability of the snowpack: Experiences with measurements 
at a wide range of length scales with several different high precision instruments. 
in Proceedings ISSW 2006. International Snow Science Workshop, Telluride CO, 
U.S.A., 1-6 October 2006 359–364 (2006). 
77 
 
McFadden, J. P., Liston, G. E., Sturm, M., Pielke, R. A. & Chapin, F. S. Interactions of 
shrubs and snow in arctic tundra: measurements and models. IAHS-AISH 
publication 317–325 (2001). 
Ménard, C. B., Essery, R. L. H., Pomeroy, J. W., Marsh, P. & Clark, D. B. A shrub 
bending model to calculate the albedo of shrub-tundra. Hydrological Processes 28, 
341–351 (2014a). 
Ménard, C. B., Essery, R. L. H. & Pomeroy, J. W. Modelled sensitivity of the snow 
regime to topography, shrub fraction and shrub height. Hydrology and Earth 
System Sciences Discussions 11, 223–263 (2014b). 
Metcalfe, J. R., S. Ishida, and B. E. Goodison. A corrected precipitation archive for the 
Northwest Territories of Canada. 110-117 (1994). 
Nolan, M., Larsen, C. & Sturm, M. Mapping snow depth from manned aircraft on 
landscape scales at centimeter resolution using structure-from-motion 
photogrammetry. Cryosphere. 9, 1445–1463 (2015). 
Painter, T. H., Berisford, D. F., Boardman, J. W., Bormann, K. J., Deems, J. S., Gehrke, 
F., Hedrick, A., Joyce, M., Laidlaw, R., Marks, D. and Mattmann, C. The Airborne 
Snow Observatory: Fusion of scanning lidar, imaging spectrometer, and 
physically-based modeling for mapping snow water equivalent and snow 
albedo. Remote Sensing of Environment 184, 139-152 (2016). 
Pan, X., Yang, D., Li, Y., Barr, A., Helgason, W., Hayashi, M., Marsh, P., Pomeroy, J. & 
Janowicz, R.J. Bias corrections of precipitation measurements across experimental 
sites in different ecoclimatic regions of western Canada. Cryosphere. 10, 2347–
2360 (2016). 
78 
 
Pohl, S. & Marsh, P. Modelling the spatial-temporary variability of spring snowmelt in an 
arctic catchment. Hydrological Processes 20, 1773–1792 (2006). 
Pomeroy, J. W. Wind transport of snow. PhD Thesis, University of Saskatchewan, 
Saskatoon 0, (1988). 
Pomeroy, J. W. & Male, D. H. Steady-state suspension of snow. Journal of Hydrology 
136, 275–301 (1992). 
Pomeroy, J. W., Gray, D. M. & Landine, P. G. The Prairie Blowing Snow Model: 
characteristics, validation, operation. Journal of Hydrology 144, 165–192 (1993). 
Pomeroy, J. W. & Gray, D. M. Snowcover accumulation, relocation and Management. 
National Hydrology Research Institute Science Report No. 7. (1995). 
Pomeroy, J. W., Marsh, P. & Gray, D. M. Application of a distributed blowing snow 
model to the Arctic. Hydrol. Process. 11, 1451–1464 (1997). 
Pomeroy, J. W., Gray, D. M., Shook, K. R., Toth, B., Essery, R. L. H., Pietroniro, A., & 
Hedstrom, N. An evaluation of snow accumulation and ablation processes for land 
surface modelling. Hydrological Processes 12, 2339–2367 (1998). 
Pomeroy, J. W. & Essery, R. L. H. Turbulent fluxes during blowing snow: Field tests of 
model sublimation predictions. Hydrological Processes 13, 2963–2975 (1999). 
Pomeroy, J. W., Hedstrom, N. R. & Parviainen, J. The Snow Mass Balance of Wolf 
Creek, Yukon : Effects of Snow Sublimation and Redistribution. Wolf Creek Res. 
Basin Hydrol. Ecol. Environ. 15–30 (1999). 
Pomeroy, J. W., Gray, D. M., Hedstrom, N. R. & Janowicz, J. R. Prediction of seasonal 
snow accumulation in cold climate forests. Hydrological Processes 16, 3543–3558 
(2002). 
79 
 
Pomeroy, J. W., Bewley, D. S., Essery, R. L. H., Hedstrom, N. R., Link, T., Granger, R. 
J., Sicart, J. E., Ellis, C. R. & Janowicz, J. R. Shrub tundra snowmelt. 
Hydrological Processes 20, 923–941 (2006). 
Pomeroy, J. W., Gray, D. M. & Marsh, P. Studies on snow redistribution by wind and 
forest, snow-covered area depletion, and frozen soil infiltration in Northern and 
Western Canada. Cold Region Atmospheric and Hydrologic Studies: The 
Mackenzie GEWEX Experience 2, 81–96 (2008). 
Pulliainen, J. Mapping of snow water equivalent and snow depth in boreal and sub-arctic 
zones by assimilating space-borne microwave radiometer data and ground-based 
observations. Remote Sens. Environ. 101, 257–269 (2006). 
Quinton, W. L. & Marsh, P. Meltwater fluxes, hillslope runoff and stream flow in an 
arctic permafrost basin. in Permafrost-7th Int. Conf. 921–926 (1998). 
Rasmussen, R., Baker, B., Kochendorfer, J., Meyers, T., Landolt, S., Fischer, A.P., Black, 
J., Thériault, J.M., Kucera, P., Gochis, D., Smith, C., Nitu, R., Hall, M., Ikeda, K. 
& Gutmann, E. How well are we measuring snow: The NOAA/FAA/NCAR winter 
precipitation test bed. Bulletin of the American Meteorological Society 93, 811–
829 (2012). 
Rees, A., English, M., Derksen, C., Toose, P. & Silis, A. Observations of late winter 
Canadian tundra snow cover properties. Hydrol. Process. 28, 3962–3977 (2014). 
Santeford, H. S. Snow soil interactions in interior Alaska. Modeling of Snow Cover 
Runoff, 311-318 (1978). 
Screen, J. A., & Simmonds, I. The central role of diminishing sea ice in recent Arctic 
temperature amplification. Nature, 464, 1334–1337 (2010). 
80 
 
Sevruk, B. & Klemm, S. Types of standard precipitation gauges. In Proceedings of 
International Workshop on Precipitation Measurement, St. Moritz, Switzerland, 
Department of Geography, Swiss Federal Institute of Technology, ETH Zurich, 
227-236 (1989). 
Sevruk, B., Ondrás, M., & Chvíla, B. The WMO precipitation measurement 
intercomparisons. Atmospheric Research 92, 376-380 (2009). 
Shi, X., Marsh, P., Yang, D. Warming spring air temperatures, but delayed spring 
streamflow in an Arctic headwater basin. Environmental Research Letters 10, 
064003 (2015). 
Smith, C. D. Correcting the wind bias in snowfall measurements made with a Geonor T-
200B precipitation gauge and Alter wind shield. in Proceedings of the 14th SMOI, 
San Antonio (2007). 
Steppuhn, H. Areal water equivalents for prairie snowcovers by centralized 
sampling. 44th Annual Western Snow Conference, Calgary, Alberta. (1976). 
Stewart, R. E. Crawford, R.W., Leighton, H.G., Marsh, P., Strong, G.S., Moore, G.W.K., 
Ritchie, H., Rouse, W.R., Soulis, E.D. and Kochtubajda, B. The Mackenzie 
GEWEX Study: The Water and Energy Cycles of a Major North American River 
Basin. Bull. Am. Meteorol. Soc. 79, 2665–2683 (1998). 
Sturm, M., Holmgren, J., McFadden, J. P., Liston, G. E., Chapin III, F. S., & Racine, C. 
H. Snow–shrub interactions in Arctic tundra: a hypothesis with climatic 
implications. J. Climate 14, 336–344 (2001a). 
Sturm, M., Liston, G. E., Benson, C. S. & Holmgren, J. Characteristics and Growth of a 
Snowdrift in Arctic Alaska, U.S.A. Arctic, Antarct. Alp. Res. 33, 319–329 (2001b). 
81 
 
Sturm, M. & Holmgren, J. Winter snow cover on the sea ice of the Arctic Ocean at the 
Surface Heat Budget of the Arctic Ocean (SHEBA): Temporal evolution and 
spatial variability. J. Geophys. Res. Ocean. 107, 8047–8064 (2002). 
Sturm, M., Taras, B., Liston, G. E., Derksen, C., Jonas, T., & Lea, J. Estimating snow 
water equivalent using snow depth data and climate classes. Journal of 
Hydrometeorology 11, 1380-1394 (2010). 
Tabler, R. Predicting profiles of snowdrifts in topographic catchments. In Western Snow 
Conference (pp. 87–97). Coronado, California: Western Snow Conference. (1975). 
Takala, M., Luojus, K., Pulliainen, J., Derksen, C., Lemmetyinen, J., Kärnä, J.P., 
Koskinen, J. and Bojkov, B. Estimating northern hemisphere snow water 
equivalent for climate research through assimilation of space-borne radiometer data 
and ground-based measurements. Remote Sens. Environ. 115, 3517–3529 (2011). 
Vander Jagt, B., Lucieer, A., Wallace, L., Turner, D. & Durand, M. Snow Depth Retrieval 
with UAS Using Photogrammetric Techniques. Geosciences 5, 264–285 (2015). 
Vaux, H., Christie, G., Ingram, H., Mumme, S., Palmater, P.D., Pomeroy, J., Power, M., 
Schindler, D.W., Wouters, P. The Mackenzie River Basin. in Rosenberg 
International Forum on Water Policy (ed. McCaffrey, S.) 43 (University of 
California, 2013). 
Wang, X. L., Xu, H., Qian, B., Feng, Y., & Mekis, E. Adjusted Daily Rainfall and 
Snowfall Data for Canada. Atmosphere-Ocean 55, 155-168 (2017). 
Westoby, M. J., Brasington, J., Glasser, N. F., Hambrey, M. J. & Reynolds, J. M. 
‘Structure-from-Motion’ photogrammetry: A low-cost, effective tool for 
geoscience applications. Geomorphology 179, 300–314 (2012). 
82 
 
Williams, J. W., Jackson, S. T. & Kutzbach, J. E. Projected distributions of novel and 
disappearing climates by 2100 AD. Proceedings of the National Academy of 
Sciences U.S.A. 104, 5738–5742 (2007). 
Winner, C. Life in the Tundra: Alaska’s Coastal Plain. (Twenty-First Century Books, 
2003). 
Winstral, A. & Marks, D. Long-term snow distribution observations in a mountain 
catchment : Assessing variability, time stability, and the representativeness of an 
index site. Water Resour. Res. 50, 293–305 (2014). 
Wohl, E. E. Transient Landscapes: Insights on a Changing Planet. (University Press of 
Colorado, 2015). 
Woo, M-k. & Marsh, P. Analysis of Error in the Determination of Snow Storage for 
Small High Arctic Basins. Journal of Applied Meteorology 17, 1537–1541 (1978). 
Woo, M-k., & Sauriol, J. Channel development in snow-filled valleys, Resolute, NWT, 
Canada. Geografiska Annaler. Series A. Physical Geography, 37-56 (1980). 
Woo, M-k. Upward flux of vapor from frozen materials in the High Arctic. Cold Reg. Sci. 
Technol. 5, 269–274 (1982). 
Woo, M-k., Heron, R., Marsh, P. & Steer, P. Comparison of weather station snowfall with 
winter snow accumulation in high arctic basins. Atmosphere-Ocean 21, 312–325 
(1983). 
Woo, M-k. & Marsh, P. Snow, frozen soils and permafrost hydrology in Canada, 1999-
2002. Hydrological Processes 19, 215–229 (2005). 
Woo, M-k., Rouse, W. R., Stewart, R. E. & Stone, J. M. R. The Mackenzie GEWEX 
Study: a contribution to cold region atmospheric and hydrologic sciences. Cold 
83 
 
Region Atmospheric and Hydrologic Studies, the Mackenzie GEWEX Experience 1, 
1-22 (2008). 
Xiao, J., Bintanja, R., Déry, S. J., Mann, G. W. & Taylor, P. a. An intercomparison 
among four models of blowing snow. Boundary-Layer Meteorology 97, 109–135 
(2000). 
Yang, J., Yau, M. K., Fang, X. & Pomeroy, J. W. A triple-moment blowing snow-
atmospheric model and its application in computing the seasonal wintertime snow 
mass budget. Hydrol. Earth Syst. Sci. 14, 1063–1079 (2010). 
 
